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CHAPTER 1 INTRODUCTION

As an important means of our daily communication, spoken language is notoriously rich in
its variability. Therefore a word’s pronunciation is often different in connected speech
from when it is produced in isolation. For example, in the phrase “green beans”, the [n] in
the word “green” may assimilate its place of articulation to match that of the following
consonant, making [n] more similar to the following [b], resulting the word “green” to
sound more like “greem” in this context. In the last decades, such segmental variation in
connected speech has received much attention in both fields of linguistics and
psycholinguistics. Various theories and models have been proposed to account for the
underlying mechanisms of how speakers produce and perceive the variation (see Ernestus,
2012 for a review). Variation of suprasegmental properties, however, is much less studied,
probably due to the fact that suprasegmental properties such as prosody is considered to
play a relatively minor role in distinguishing lexical meanings in Indo-European non-tonal
languages such as English (e.g., Cutler, 1986). This has greatly limited the existing speech
production and perception theories within a segment-dominant frame in general.

It is known that of all languages in the world, the majority of them are tonal
languages, in which pitch patterns over syllables distinguish lexical meanings (see reviews in
e.g., Fromkin, 1978; Yip, 2002; Zsiga, 2012). In some of these tonal languages (i.c., the
majority of the African languages and certain American-Indian languages), tones are
known to correlate with the morphology and syntax of the language; while in others, tones
are exclusively used at the lexical level, which can be found in almost all languages in the
Sino-Tibetan family as well as many other languages in the Southeast Asia (Wang, 1967).
Emerging evidence has shown that in tonal languages (e.g., Chinese), suprasegmental
features such as lexical tones play as an important role in constraining lexical meanings as
segments do (e.g., Schirmer, Tang, Penney, Gunter, & Chen, 2005; Lee, 2007; Liu &
Samuel, 2007). Understanding variation of lexical tones, therefore, is in great need for the
construction of more powerful theories of speech production and comprehension.

One well-known example of a lexical tone system is the four full lexical tones in
Standard Chinese. When produced in isolation, Tone 1 (T'1) is a high level tone as in 7a' (
15 ‘mother’), Tone 2 (T2) a rising tone as in 4’ (Jik ‘hemp’), Tone 3 (T3) a dipping tone as
in ma’ (& ‘horse’), and Tone 4 (T4) is a falling tone as in ma" (F ‘to scold’). These
different pitch patterns (i.e., high level, rising, dipping, falling) are found to primarily
correlate with how the rate of vocal cords vibration (i.e., /) changes over time (e.g., Chao,
1920). Figure 1.1 illustrates the mean f0 of four lexical full tones in Standard Chinese, based
on six tokens of each tone across eight speakers (Xu, 1997). As can be seen in Figure 1.1,
the /0 contour of T1 stays at the upper f0 range throughout the whole syllable; T2 typically
shows a rising /0 pattern which rises from the mid range to the upper limit; T3 is realized
with a concave fU) shape which falls to the lower end for the first half of the 0 and then
rises back to the mid range; for T4, the f0 falls from the high end of the /0 range to the

lower end.



160

Tone 1

140

120

fo(Hz)

100 £

80 -

Normalized time (%)
Figure 1.1 Mean f0 contonrs of the four Mandarin tones in the syllable / ma/ produced in isolation (Xu,
1997). Time normalized with duration proportional to the mean duration of T3. Averaged across six
tokens by eight speakers.

From the perspective of listeners, the f0 differences provide important perceptual
cues that can be utilized to identify tones (Gandour, 1978; but see e.g., Andruski, 2000;
Brunelle, 2009b for tones contrasted in voice quality). These cues include the overall height
of the fU contour (e.g., Lin & Repp, 1989; Shen, Lin, & Yan, 1993; Francis, Ciocca, & Ng,
2003; Shen et al.,, 2013), the direction of f0 change (e.g., Lin & Repp, 1989; Fox & Qi,
1990; Shen & Lin, 1991; Moore & Jongman, 1997; Francis et al., 2003), and the timing of
/0 turning point (e.g., Shen & Lin, 1991; Shen et al., 1993; Moore & Jongman, 1997). For
example, as introduced earlier, T2 in Standard Chinese is typically a rising tone. However,
due to physiological limitations of the articulators, the /0 onset of T2 is slightly falling prior
to its significant rising /) contour. As a result, T2 is very often realized with a concave /0
pattern similar to that of T3. However, a closer look suggests that the /0 turning points of
the two concave /) contours are at different locations, i.e., T2 has an early turning point (if
any), while the turning point for T3 is relatively late, as can also be seen in Figure 1.1. Shen
and Lin (1991) created a continuum ranging from T2 to T3 in Standard Chinese by
manipulating the location of the f0 turning point. Native listeners were asked to label the
stimuli as either T2 or T3 in a forced choice paradigm. Results show that the location of
the fU turning point, among others, plays an important role in distinguishing T2 vs. T3 in
Beijing Mandarin. Stimuli with earlier /0 turning points were more likely to be labelled as
T2 than those with later turning points.

Having known how lexical tones are realized and perceived in isolation is important
for our understanding of lexical tones; however, it is far from the whole story. As a matter
of fact, in daily speech communication, it is very rare that tones only occur in isolation.
Rather, they are more often produced and perceived in contexts, where their f0 realization
usually exhibits extensive variability.

At a local level, the f0 realization of lexical tones is known to be varied greatly by its
local tonal contexts via two different processes. One such local process is known as tone
sandhi, which is traditionally defined as the phonological change of lexical tones (see
surveys in Wang, 1967; Chen, 2000; also see Zhang, 2010 for a review). An example in
Standard Chinese: when two dipping tones (I3) are combined, the first T3 is typically



realized with a rising /0, resembling that of the rising T2. Although previous impressionistic
studies have claimed that the T3 sandhi in Standard Chinese involves the complete tonal
change from T3 to T2 (e.g., Chen, 2000; Yip, 2002), this view is challenged by findings
from tone production studies, which demonstrate subtle but quite consistent /0 differences
between T3gndni and the lexical T2 (e.g., Zee, 1980; Peng, 1996; Yuan & Chen, 2014).
Furthermore, T3gndni and the lexical T2 have also been shown to be processed differently
during speech encoding (Chen, Shen, & Schiller, 2011; Zhang, Xia, & Peng, 2014). If
complete neutralization between T3gndni and the lexical T2 was indeed involved in tone
sandhi, such systematic production differences between the sandhi-derived tone (i.e.,
T3gandni) and the claimed output tone (i.e., T2) should not have been expected.

Another local contextual process known to introduce tonal variability is tonal
coarticulation, which traditionally refers to the phonetic /0 adjustments to neighboring
tonal contexts (e.g., Wu, 1985; Xu, 1997; also see reviews in Xu, 2001; Chen, 2012). Tonal
coarticulation has been reported in many East Asian contour-tone languages, such as Thai
(e.g., Palmer, 1969; Abramson, 1979; Gandour et al,, 1993, 1996; Gandour, Potisuk, &
Dechongkit, 1994; Potisuk, Gandour, & Harper, 1997; Zsiga & Nitisaroj, 2007),
Vietnamese (e.g., Han & Kim, 1974; Brunelle, 2009a), Standard Chinese (e.g., Shen, 1990;
Xu, 1994; Xu, 1997; Kochanski, Shih, & Jing, 2003), Taiwanese (e.g., Peng, 1997; Wang,
2002), and Malaysian Hokkien (e.g., Chang & Hsieh, 2012). Taking an example in Standard
Chinese, Figure 1.2 illustrates the mean f0 realization of the high-level T1 following (Figure
1.24) or preceding different tones (Figure 1.24), based on six tokens produced by eight
speakers (Xu, 1997). It is clear in Figure 1.24 that, due to different preceding tones, the
second high-level T1 is realized with very different f0 contours in these contexts. The /0
contours of T1 thus deviate in different magnitudes from the canonical level tonal shape,
especially for the first half of the second T1. When T1 is followed by different tones as
shown in Figure 1.24, its f0 also exhibits observable variation, but in a much smaller
magnitude (Xu, 1997).

a. TxT1
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Figure 1.2 The ¢ffect of preceding (a) or following tones (b) on the f0 realization of T1 in [ mama/
sequences in Standard Mandarin (Xu, 1997). In (a), the tone in the first syllable is varied from T1 to
T4, while the second tone is beld constant as T1. In (b), the first tone is held constant, while the second tone
is varied from T1 to T4. Averaged across six tokens by eight speakers.

From the global point of view, the f0 realization of a lexical tone is further
conditioned by the overall prosody of the whole utterance where the tone-bearing lexical



item is produced (see reviews in Xu, 2001 and Chen, 2012). Such global influences can
come from the grouping of the prosodic units within the utterance (e.g., Shih, 1997; Yang
& Wang, 2002; Pan & Tai, 2006; Scholz & Chen, 2014b), the prosodic prominence due to
certain information structures (e.g., Xu, 1999; Chen & Braun, 2006; Chen & Gussenhoven,
2008; Chen, 2010; Wang & Xu, 2011), or even sentence types such as declaratives or
interrogatives (e.g., Shen, 1991; Liu & Xu, 2005). For example, the f0 realization of lexical
tones in Standard Chinese is found to be subject to different focus statuses of the tone-
bearing unit, where tones under focus are usually realized with enhanced distinctiveness of
their characteristic ) contours compared to those not under focus (e.g., Chen & Braun,
20006; Chen & Gussenhoven, 2008; Chen, 2010).

In addition to variation of the lexical full tones, there exists a special tonal variability
phenomenon called “neutral tone” (known in Chinese as /4 qing! sheng! “/ight tone)
(Chao, 1920). As illustrated with examples below from Standard Chinese, these syllables
are typically grammatical morphemes as in 4, the unstressed final syllable within a disyllabic

lexical item as in b, or the final syllable of a reduplicated form as in .

a B ] wo’ de possessive marker
b biiE ] bo! li lexcical item
¢ 5EE kan* kan reduplicated form

As can be seen from the examples, the neutral tone syllables are never produced
independently, but always follow a full tone syllable within a disyllabic domain in Standard
Chinese.

Compared to the four full lexical tones, the neutral tone syllables are acoustically
reduced and considered to be “unstressed” (see reviews in Liang, 2008, Chen, 2015 and
references therein). For example in Standard Chinese, neutral tone syllables are found to be
substantially shorter than the full lexical tones (e.g., Lin & Yan, 1980; Shih, 1987). In terms
of the /0 realization, these syllables do not surface with any of the lexical /0 patterns, but
rather are realized with greatly varied ) depending on the tone of the preceding full lexical
tone syllable (e.g., Shih, 1987; Chen & Xu, 2006 and references therein). Due to the
variability, neutral tone has been regarded as “toneless” or “targetless” in most
impressionistic studies, and the varied f0 realization is attributed to the tonal spreading
from the preceding lexical tone (e.g., Yip, 1980) or the phonetic interpolation of
neighboring lexical tone targets (e.g., Shih, 1987; van Santen, Shih, & Mobius, 1997).
However, in a recent study of neutral tone in Standard Chinese, Chen and Xu (2006)
investigated the /0 realization of long stretch of neutral tones. By increasing the number of
neutral tone syllables from one to three, the authors show that the f0 variability of the
neutral tone gradually decreases over time and eventually approaches a stable mid-low /0
range by the end of the third neutral tone syllable. This has thus suggested that neutral tone
has its own mid-low tonal target that is independent from its tonal contexts.

It is to be noted that, despite the large repertoire of dialects spoken in China, only
Standard Chinese has been studied in depth. Much less well-controlled data have been
collected to understand how lexical tones are realized and varied in dialects. For most of
the works in Chinese dialects, lexical tone descriptions are done largely within the

traditional phonological framework. Variation of tones is mostly investigated on an

4



impressionistic and introspective basis. Detailed variation effects that are not easy to detect
with unaided ears are very often ignored. Whenever certain variation is detected, it is very
often described based on subjective impression and exclusively attributed to categorical
changes (e.g., Chen, 2000). This not only misinforms the theoretical accounts of the
variation phenomenon itself, but also greatly restricts our understanding of how listeners
produce and recognize tonal variation in general.

To fill this research gap, this dissertation sets out to investigate the tonal variability in
Tianjin Mandarin with a series of well-controlled experiments. Tianjin Mandarin serves as a
good test case as it is well-known for its tonal sandhi patterns over disyllabic tonal
sequences and the iterative and conflicting sandhi applications over trisyllabic tonal
sequences, known as the “paradox” in Tianjin tone sandhi (e.g., Chen, 2000). In addition,
Wang (2002) reports a special rising f0 realization of neutral tone for Tianjin Mandarin
which challenges the current understanding of neutral tone realization based on evidence
from Standard Chinese. It is important to note that although tonal variation in Tianjin
Mandarin seems to have been extensively studied in the literature, most previous studies
are based on impressionistic data (but see Zhang & Liu, 2011 for an experimental study of
tonal coarticulation and tone sandhi in Tianjin Mandarin). Further empirical evidence is
thus in great need to shed more light on the underlying mechanisms of these phenomena.
Last but not least, an advantage for investigating Tianjin Mandarin is that it is similar with
Standard Chinese especially in the segmental aspects as will be shown in Chapter 2, making
it easy to compare between the two Mandarin varieties.

Several interesting issues are to be highlighted in this dissertation concerning the
production and perception of lexical tones in connected speech. The rest of this chapter
briefly introduces these issues and how they have been addressed experimentally in this
dissertation.

1.1 Tone sandhi vs. tonal coarticulation

As we have introduced earlier, both tone sandhi and tonal coarticulation give rise to
variation in the f0 realization of a lexical tone, so that the resulting /0 contour may deviate
with varying degrees from the canonical f0 shape of a lexical tone when produced in
isolation. One noteworthy issue is that, although tone sandhi and tonal coarticulation are
recognized as two different processes by definition, little is known so far on how to
categorize different f0 variability as being due to tone sandhi or tonal coarticulation.

In the only attempt made so far concerning this issue, Shen (1992) proposes three
criteria between the two processes: 1) tone sandhi is constrained by language-dependent
morpho-phonemics, while tonal coarticulation is language-independent; 2) tone sandhi
could have an assimilatory or dissimilatory nature while tonal coarticulation is only
assimilatory; 3) tone sandhi involves the lexical tone change from one to another which is
not observed for tonal coarticulation. As will be discussed in Chapter 3, none of these
criteria successfully distinguish the two types of tonal variation (also see Chen, 2000 for a
criticism). Chen (2000) thus argues that there is “no essential difference” between tone
sandhi vs. tonal coarticulation, but defines tone sandhi as the perceptible tonal variation to



“trained but unaided ears”. Although this definition is shared among almost all studies on
tone sandhi in the recent decades, it does not provide us with any real insight into different
types of contextual tonal variation, as the impression of individual researchers on what
constitutes tone sandhi might differ, which further leads to different theoretical accounts
of the tonal alternation phenomenon.

It is notable that tonal sequences that are claimed to undergo tone sandhi by
impressionistic studies are very often analyzed separately from tonal coarticulation, leaving
no direct comparison of the two types of contextual variation thus far (see e.g., Xu, 1997;
Zhang & Liu, 2011 for anticipatory tonal coarticulation analyses excluding tone sandhi
sequences). It is therefore yet to be investigated with well-designed experimental data how
tone sandhi and tonal coarticulation might individually contribute to the f0 variability of
lexical tones, without which one is unable to objectively attribute different types of f0
variability to different sources.

Chapter 3 aims to fully understand the various patterns of ) deviation due to these
two different contextual tonal variation processes. To this end, Chapter 3 investigates all
possible combinations of the four lexical tones in Tianjin Mandarin. In particular, this
chapter zooms into the effect of the following tones (over the second syllable) on the /0
realization of the preceding tones (over the first syllable). This is a comparable context to
examine both anticipatory tonal coarticulation and tone sandhi as Tianjin Mandarin shows
right-dominant tone sandhi patterns. With the technique of Growth Curve Analysis (GCA)
(Mirman, 2014), this chapter objectively quantifies whether and how /0 contours of a
lexical tone differ from each other as a function of the following lexical tones. GCA proves
to be a powerful method for dealing with the time-varying nature of fU contours, which
shows a great advantage over traditional statistical analyses of /0 contours.

Results show that, among the four commonly accepted tone sandhi patterns over
disyllabic tonal sequences proposed in the literature (e.g., Li & Liu, 1985; Chen, 2000; Ma,
2005; but see Wee, Yan, & Chen, 2005 for two more disyllabic sandhi sequences), only
three have been confirmed. This chapter also yields an interesting anticipatory
coarticulatory raising effect of the lexical low-falling tone which has never been reported in
the literature. In addition, the confirmed disyllabic sandhi patterns can not be consistently
observed within trisyllabic sequences, as claimed in the literature, suggesting a much
simpler tone sandhi system of Tianjin Mandarin. Furthermore, by comparing the acoustic
realization of the sandhi sequences vs. that of the claimed target patterns according to the
literature, Chapter 3 shows that no tonal neutralization can be confirmed over any of the
disyllabic or trisyllabic sandhi processes. Rather, based on how sandhi-derived tones
resemble their claimed output tones, Chapter 3 further differentiates near-merger sandhi
vs. no-merger sandhi, where a near-merger sandhi tone is realized with only subtle /0
differences from that of the claimed output tone while a no-merger sandhi tone and its
claimed output tone show clearer /0 differences.



1.2 Effect of tonal variability on tone perception

Given the extensive contextual f0 variation of lexical tones in connected speech, one would
further ask how the lexical tones produced in connected speech are perceived. As
introduced earlier, listeners are found to primarily rely on the /0 information during tonal
perception. Multiple 0 cues have been discovered to play crucial roles in the perception of
canonical lexical tones that produced in isolation. However, this is insufficient to
understand how lexical tones are perceived in connected speech for the following two
reasons.

First, the /U perceptual cues observed for tones produced in isolation have mainly
indicated the most significant f0 characteristics of the canonical tonal contours. For
example in Standard Chinese, a high-level /0 contour signals a T1 produced in isolation.
However, in connected speech, T1 does not always surface with a level /U contour. As
shown in Figure 1.24, when T1 in Standard Chinese is preceded by four different lexical
tones, only the one following T1 is realized with a high-level /U contour which is similar to
that of the canonical T1 produced in isolation; T1 following T2, T3 or T4 is realized with a
salient rising /0 contour with different rising slopes. Then the question arises how listeners
cope with the f0 variation and identify the tone as T in such situation?

Second, it is known that the perception of lexical tones in connected speech is
different from the perception of tones produced in isolation, because tonal contexts can
greatly influence the identification of the embedded lexical tones (e.g., Lin & Wang, 1985;
Fox & Qi, 1990; Xu, 1994; Moore & Jongman, 1997; Francis et al., 2003). For example, in
Lin and Wang (1985), it is found that a high-level /0 contour, which is T1 in Standard
Chinese, can be perceived as a rising tone (T2) when it is followed by another tone whose
/0 onset is higher than the high-level tone. It is therefore highly doubtful that to what
extent the conclusions made based on lexical tones produced in isolation can be adaptable
to tones in connected speech.

Among studies on the perception of lexical tones in connected speech, the main
topics discussed in the literature concern 1) how the perception of lexical tones is
influenced by the tonal contexts in which they are embedded (e.g., Lin & Wang, 1985; Fox
& Qi, 1990; Xu, 1994; Moore & Jongman, 1997; Francis et al.,, 2003), and 2) whether
certain sandhi-derived tones can be distinguished from the claimed output tones according
to the tone sandhi rules proposed in the literature (e.g., Wang & Li, 1967; Speer, Shih, &
Slowlaczek, 1989; Chen, 2013; Chen, Liu, & Kager, 2015). These studies, though providing
us with some insights into how listeners perceive lexical tones in connected speech, have
left many issues open for further investigation. For example, one question is how listeners
perceive distorted f0 realization itself without information from the tonal context. Having
known that there are various types of f0 variability when lexical tones are combined so that
the f0 realization is distorted to varying degrees, one further question is whether these
different types of tonal variability might affect listeners’ perception of lexical tones.

One methodological limitation of previous studies on tone perception is that these
studies mainly focused on listeners’ end-state performances, as they were required to e.g.,
make choices among multiple options within a time limit (e.g., Lin & Repp, 1989; Shen et



al., 1993; Peng, 1996; Moore & Jongman, 1997; Francis et al., 2003; Chen, 2013; also see
McGuire, 2000 for a methodological review on speech perception). Multiple models of
speech recognition, e.g., Shortlist Model (Norris, 1994), Cohort Model (e.g., Marslen-
Wilson & Tyler, 1980) and TRACE model (McClelland & Elman, 1986), have shown that
speech signals are perceived in an incremental fashion, along the unfolding of which
listeners actively evaluate the heard signals in real time, and gradually activate the relevant
lexical candidates stored in the mental lexicon. Lexical tones are found to be perceived in
the similar accumulating way (e.g., Malins & Joanisse, 2010; Shen, Deutsch, & Rayner,
2013). End-state responses, therefore, are only revealing one aspect of this process (see a
detailed discussion on this issue in Spivey, 2007).

Chapter 4, via the Visual World Paradigm, investigates the effect of contextual tonal
variation on speech recognition in Tianjin Mandarin by monitoring the eye movements of
the listeners when presented with different auditory target stimuli. Three types of
contextual tonal variability as observed in Chapter 3 have been used as the target stimuli:
near-merger sandhi, no-merger sandhi, and no sandhi tonal coarticulation.

The results yield significant perceptual differences among different types of tonal
variation, which affect online speech processing differently, as reflected in the different eye
movement patterns. No-sandhi coarticulation was easier to recognize than tone sandhi,
and between the two sandhi variation types, near-merger sandhi was more difficult to
process than no-merger sandhi. This has thus not only shown that in addition to the
facilitation of the contextual information in the perception of lexical tones in context, the
different degrees of tonal variability exert an effect on tonal recognition, but also suggested
the necessity of differentiating tonal variability of different types that have been observed
in Chapter 3.

1.3 Nature of tone sandhi

Among various ongoing debates about tone sandhi, one issue further discussed in this
dissertation is whether tonal neutralization is involved in the process of sandhi changes. In
previous impressionistic studies, tone sandhi in many Chinese dialects has been commonly
regarded as the complete tonal change from one lexical tone into another lexical tone
within the tonal inventory (e.g., Chao, 1948; Shen, 1992; Yip, 2002; Chen et al., 2015; also
see Chen, 2000 for a review). As introduced eatlier, it is claimed that in Standard Chinese,
when two T3s (dipping tone) are combined, the first T3 is changed into T2 (rising tone)
due to the resembling fU realization of T3gndni vs. the lexical T2 (e.g., Chao, 1948). Further
evidence from perceptual studies also shows that native listeners cannot reliably distinguish
T3andni vs. T2 using offline meta-linguistic tonal discrimination tasks (e.g., Wang & Li,
1967; Chen et al., 2015). This has led to the traditional definition of Low tone sandhi as the
complete tonal change from T3 to T2. Generally speaking, descriptions of tone sandhi in
the literature have been mainly about the categorical change of one tone to another, based
on which various tonal alternation theories have been proposed (e.g., Chen, 2000; Wee et
al., 2005; Hyman, 2007).



However, as mentioned earlier, such a perception-based conclusion has been
challenged by data from production studies. Acoustic studies on Mandarin T3 sandhi have
repeatedly observed that there are subtle but consistent differences between a T3gandni and a
lexical T2. For example in Yuan and Chen (2014), data from natural speech corpora show
that the /0 realization of T3gndni and the lexical T2 are mainly different in the magnitude of
/0 rise and the duration of the f0 rise. Recent online studies with psycholinguistic
approaches further show that the T3gndni is in fact processed differently from the lexical T2
during production (e.g., Chen et al., 2011; Zhang et al., 2014). If the sandhi-derived tones
were completely changed into another lexical tone as claimed, such systematic difference in
production would have been unexpected.

Furthermore, if one regards tone sandhi to involve complete tonal neutralization, the
potential issue of iterative sandhi applications is expected. The iterativity of sandhi
application refers to the phenomenon that the first round of tone sandhi change creates a
new context for another round of sandhi application, which is not observed in Standard
Chinese but in many other dialects such as Tianjin Mandarin (e.g., Li & Liu, 1985; Hung,
1987; Tan, 1987; Zhang, 1987; Wee et al., 2005). Taking the trisyllabic tonal sequence
T3T1T1 in Tianjin Mandarin for example, previous literature has claimed that within
T3T1T1, the tonal sequence T1T1 to the right undergoes the first round of tone sandhi
change into T3T1, resulting in the intermediate stage T3T3T1, in which the T3T3 sequence
to the left further triggers another round of tone sandhi to T2T3, as shown in the claimed
rule: T3+T1+T1—-T3+T3+T1—>T2+T3+T1 (underlines indicating possible sandhi
contexts at each stage; e.g., Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987; Wee et
al., 2005). There are in total five such iterative application cases claimed for Tianjin
Mandarin, which has led to rather complicated tone sandhi application patterns in
trisyllabic sequences. If tonal neutralization is indeed not involved in tone sandhi, the
iterative tone sandhi application is then called into question.

Both Chapters 3 and 5 tap into this issue. As introduced eatlier, the acoustic data in
Chapter 3 show significant differences in f0 realization between the sandhi-derived tones
and the claimed output tones in both disyllabic and trisyllabic domains. In addition,
Chapter 3 shows no evidence of iterative sandhi applications in the trisyllabic tone sandhi
data, further confirming the non-involvement of neutralization in tone sandhi in Tianjin
Mandarin. Given the findings in Chapter 3, the question that arises is whether listeners
petceive sandhi tones more similatly to the otiginal/undetlying tones ot to the claimed
output tones?

Chapter 5 aims to answer this question by examining the patterns of tone sandhi
perception. With the same Visual World Paradigm as in Chapter 4, Chapter 5 investigates
the recognition time course of sandhi target stimuli when the targets were presented with
different types of competitors. Three competitor types were included for each target which
all had segmental overlap with the target: 1) Toneme Competitor, with toneme overlap but
/0 contour difference from the target (Toneme+, Contour-); 2) Contour Competitor, with
toneme overlap with that of the claimed output tone, therefore with contour resemblance
but toneme difference from the target (Toneme-, Contour+); 3) Segmental Competitor,
with no toneme or contour overlap with the target (Toneme-, Contour-). Details aside, the



main finding in Chapter 5 is that the eye movement pattern in the Contour Competitor
condition exhibits a similar pattern to that in the Segmental Competitor condition during
the early stage of processing, suggesting that the claimed output tones are in fact perceived
more similarly to unrelated tones. This therefore, from a perceptual perspective, further
confirms that tone sandhi does not involve the categorical change from one lexical tone to
another in the lexical tonal system.

1.4 Neutral tone & prosodic boundary

While the previous three issues are concerned with the two local contextual tonal variation,
i.e., tone sandhi and tonal coarticulation, the current issue explores the effect of a more
global factor, ie., prosodic structure, on the fU realization of neutral tone. It has been
extensively noted that in speech production, speech utterances are grouped into
constituents of various sizes (e.g, Beckman & FEdwards, 1994; ILadd, 2008). The
organization of these speech constituents is called the prosodic structure; and the
boundaries between different constituents are called the prosodic boundaries. Although
prosodic structure can sometimes be predicted from the syntactic structure of an utterance,
in many cases, it is not isomorphic with the syntactic structure (see reviews in e.g.,
Shattuck-Hufnagel & Turk, 1996; Frota, 2012).

The role that prosodic boundaries play in speech is not only of chunking the speech,
but more of signaling the level that a particular constituent belongs to within the
hierarchical system of prosodic structure. The bigger the prosodic boundary, the higher the
level in the hierarchy. As a crucial indicator of the prosodic structure of an utterance,
prosodic boundaries can be manifested acoustically in various ways. Cross-linguistic
evidence has shown that, prosodic boundaries play an important role in conditioning the
articulation of segments in ways such as initial strengthening, final lengthening, and
coarticulatory resistance. Specifically, the articulation of segments in the initial position
within a prosodic domain is often strengthened (e.g., Fougeron & Keating, 1997,
Fougeron, 1999; Cho & Keating, 2001; Fougeron, 2001; Keating, 2003; Cho & McQueen,
2005). This strengthening effect is realized in a cumulative way, so that variation due to the
boundary effect changes as a function of the hierarchical level of the boundary: the higher
the boundary, the greater the strengthening effect. Besides initial strengthening effect, it
has also been found in various studies that there is a tendency for segments to be longer
before a prosodic boundary than in other contexts, due to the slowing down of the
articulation rate before a boundary, known as final lengthening (e.g., Wightman, Shattuck-
Hunagel, Ostendorf, & Price, 1992; Kuzla, Cho, & Ernestus, 2007). The degree of final
lengthening also varies as a function of the prosodic level: the higher the prosodic
boundaries, the greater the degree of final lengthening. Another type of segmental variation
brought about by prosodic boundaries is the influence on segmental coarticulation. The
extent and magnitude of coarticulation varies as a function of the prosodic boundaries
intervening between segments. Evidence from numerous studies has revealed that
segments tend to be cumulatively resistant to influences from the contexts. In other words,

the higher the level of the prosodic boundary, the less the segmental coarticulation (e.g.,
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Egido & Cooper, 1980; Byrd & Saltzman, 1998; Tabain, 2003; Cho, 2004; Pan, 2007; see
also Scholz & Chen 2014a on tonal coarticulation).

Similar with segments, the f0 realization of lexical tones is also found to be subject to
the effect of prosodic boundaries. For example, in Standard Mandarin, it has been found
that a rising tone could be realized with a level or even slightly falling /0 contour between a
high and low tonal context when it is located at the middle of the prosodic domain (Xu,
1994). Yang and Wang (2002) show that the /0 minima of the pre-boundary tone changes
as a function of the level of the prosodic boundary: the higher the level of prosodic
boundary, the lower the /0 minima. Furthermore, it has been reported that the Low-tone
sandhi (i.e., the realization of a Low tone with a rising pitch contour before another Low
tone) in Standard Mandarin could be blocked in certain prosodic groupings (e.g., Shih,
1997; Zhang, 1997; Kuang & Wang, 2000).

Note that in all studies on the effect of prosodic boundaries on lexical tone
realization, the subject of study has been limited to the full lexical tones which are realized
with lexically distinctive ) contours. None of them has examined how neutral tone
realization is affected by different prosodic boundaries. This has constrained our
understanding of not only the effect of prosodic boundaries on tonal realization, but also
the underlying mechanism of neutral tone in various Chinese dialects. It has been reported
that the phenomenon of neutral tone exists not only in Standard Chinese, but also in
various Chinese dialects (see reviews in Liang, 2008 and Chen, 2015). Many of these
dialects have been reported to exhibit interesting neutral tone properties that are different
from those of Standard Chinese. For example in Tianjin Mandarin, previous studies have
reported consistent neutral tone f0 realization preceding a lexical low-falling tone (Wang &
Jiang, 1997; Wang, 2002; Lu & Wang, 2012; Li & Chen, 2011), which is not observed in
Standard Chinese. However, it is noteworthy that most previous studies on neutral tone in
dialects are based on impressionistic data, in which the realization of neutral tone is often
regarded as the categorical tonal change. As a result, a special rising neutral tone target has
been claimed when neutral tone is followed by a lexical low-falling tone in the
impressionistic studies of Tianjin neutral tone (Wang & Jiang, 1997; Wang, 2002; Lu &
Wang, 2012). This has thus challenged to the mid-low neutral tone target observed in
Standard Chinese. Furthermore, studies with only impressionistic observations do not take
global prosodic factors (e.g., prosodic boundaries) into account.

To fill this gap, Chapter 6 shows a good example of prosodically-conditioned neutral
tone realization in Tianjin Mandarin. With consideration of the effect of prosodic
boundaries on neutral tone realization, Chapter 6 shows that the rising neutral tone /0
contour before T1 does not need to be treated as a special tonal target as claimed, but
rather should be due to the raising effect brought about by the following T1 as first
proposed in Chapter 3. Neutral tone in Tianjin Mandarin has a mid-low neutral tone target
similar to that in Standard Chinese.

In conclusion, while both local and global factors are known to affect both speech
production and speech perception, much less has been investigated on how lexical tones
are produced and perceived in connected speech. This dissertation aims to gain further

understanding of tonal variability through tapping into the afore-mentioned four issues
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with evidence from Tianjin Mandarin. In the rest of this dissertation, Chapter 2 will first
give a comprehensive description of the phonological system of Tianjin Mandarin. Chapter
3 will set out to investigate the 0 variability induced by tone sandhi vs. tonal coarticulation.
The perceptual consequences of the contextual tonal variability will be addressed in
Chapter 4. Chapter 5 will set out to further understand the online perception of sandhi
tones. In Chapter 6, the effect of prosodic boundaries on neutral tone realization will be
investigated. Chapter 7 will summarize the research questions and conclude the main
findings throughout the dissertation. Note that Chapters 2-5 are prepared as individual
journal articles, and therefore contain some overlapping background information.
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CHAPTER 2 LANGUAGE DESCRIPTION OF TIANJIN MANDARIN!

2.1 Introduction

Tianjin Mandarin is a member of the northern Mandarin Chinese family. The dialect is
spoken in the urban areas of the Tianjin Municipality in People’s Republic of China. The
city is only about 100 kilometers away from Beijing. While the old variety of Tianjin
Mandarin has been reported to differ from Beijing Mandarin in its lack of post-alveolar
consonants, the dialect spoken by the younger generation shows basically identical
segmental structure to Beijing Mandarin (as also noted in Wee et al, 2005). What
differentiates the two dialects is primarily their tonal system. For ease of comparison, the
present description on consonants and vowels used the illustrating words from the
description of Standard Chinese in Lee & Zee (2003) as much as possible, with deviations
mainly due to a different view we have adopted to transcribe the sound system. The sound
files illustrated in the present description were produced by a male speaker who was born
in the 1980s in Nankai District of Tianjin, one of the oldest districts of Tianjin. The dialect
spoken there is regarded as most representative by local people.

2.2 Consonants

There are 25 consonants in Tianjin Mandarin, as shown in Table 2.1. Words illustrating the
consonants are shown in Table 2.2 in which most of the syllables have Tone 1, others have
Tone 2 or Tone 4. Lexical tones here are marked with a superscript. (See section 2.5 in this

chapter for more details on lexical tones and tone sandhi in Tianjin Mandarin.)

Table 2.1 Overview of consonantal phonemes and their place and manner of articulation.

o Labio- Denti- Post- Alveolo-
Bilabial Velar
dental alveolar alveolar palatal
Plosive pp" th k k*
Affricate ts tsh tJ: tf te teh
Nasal m n n
Fricative f s I ¢ X
Approximant w 4 ju
Lateral 1
Approximant

1A version of this chapter has been submitted for publication as: Qian Li & Yiya Chen. (under
revision). Tianjin Mandarin — Hlustration of IPA. Journal of the International Phonetic Association.
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Table 2.2 Words illustrating consonants.

T

pe te' tfe' k!
p t t " k
‘eight’ ‘to build’ = ‘residune’ Song’
phe’ the! tfe! Kkiy!
p" th tm = kh
o climb’ e/ she’ = ‘o insert’ Subject’
me' tse! Je! ay’
m ts ) I = ] )
‘mother’ ‘to circle’ = Sand’ ‘10 raise’
fe! tshe” teje” X!
f tsh te X )
to send’ to wipe’ to add’ to drink’
we' ne’ tehje” ) je'
w n teh o J
frog’ to include’ ‘to nip off’ ‘duck’
se' cje! e
s [ 2 3 b b q [ e
o cast shrimp 1o restrict
le! on’
1 S
‘to pull’ person’

2.2.1 Plosive

Plosives in Tianjin Mandatin differentiate three different places of articulation: bilabial /p,
p"/ as in /ptal/ ‘eight’ and /phez/ % cimb’, denti-alveolar /t, t"/ as in /te'/ %o build’ and
/the'/ ‘he/she’, and velar /k, kM/ as in /kx'/ Song’ and / khx'/ Subject’. They are contrastive
in aspiration; aspirated plosives have longer VOT than their unaspirated counterparts. The
contrast holds for all places of articulation, as shown in Table 2.3. Averaged across
different places of articulation, the mean VOT for aspirated plosives in our dataset is 102
ms while that for unaspirated plosives is only 23 ms. Furthermore, velar plosives have
significantly longer VOT than bilabial and denti-alveolar plosives as revealed by a post-hoc
Tukey HSD test (velar vs. bilabial: Diff.=20ms, p-adj.<0.001; velar vs. denti-alveolar:
Diff.=10ms, p-adj.<0.001), while the bilabial and denti-alveolar plosives are not
significantly different.

Table 2.3 1VOT of unaspirated vs. aspirated plosives in three different places of articulation, based on all
Plosive consonants in a dataset of 3935 monosyllables.

Bilabial Denti-alveolar Velar
unaspirated aspirated unaspirated aspirated unaspirated aspirated
Mean 16 ms 91 ms 16 ms 100 ms 36 ms 116 ms
SD 6 ms 16 ms 4 ms 20 ms 13 ms 22 ms
N 121 188 194 145 169 106
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2.2.2 Affricate

Affricates in Tianjin Mandarin display the same two-way distinction in aspiration as
plosives. They have three places of articulation: denti-alveolar /ts, ts"/ as in / tse!/ %o circle’
and /ts"e'/ % wipe’, post-alveolar / tJ:, ti[h/ asin / tJ:El / ‘residue’ and / tihel / ‘to insert’, as well
as alveolo-palatal /te, te"/ as in /tejel/ ‘40 add’ and /tehjlal/ ‘to nip off.

The denti-alveolar affricates are produced with the tip of the tongue behind the lower
front teeth and the tongue blade against the alveolar ridge. The post-alveolar affricates are
pronounced with the tongue tip raised against the post-alveolar region. The alveolo-palatal
affricates are pronounced with the tongue tip down behind the lower front teeth and with
the dorsum of the tongue against the area between the alveolar ridge and the hard palate.

The alveolo-palatal consonants in Tianjin Mandarin are obligatorily followed by an
alveolo-palatal glide before the following vowel if the consonant is not followed by a high
vowel, such as in /ttsjta1 / ‘to add’ / tehjel / ‘to nip off and / ejel / hrimp’. Figute 2.1 shows
the spectrogram of /tejel/ %o add’, whete we see a transition (glide /j/) between the
consonant /te/ and the vowel /®/, taking up about V4 of the total thyme length. The F1 of
the glide starts with a low value (around 500Hz) and gradually increases up to 850Hz as
that of the vowel /e/; the F2 of the glide starts around 2000Hz and ends with 1500Hz.
The F1 and F2 values of the glide onset therefore resemble that of a front high vowel.
Glides in such contexts have been traditionally considered part of the rhyme and
transcribed as a vowel (see, e.g., Lee & Zee, 2003 for the transcript of the same syllables in
Standard Chinese as /teia'/ o/ tehia'/ and /eia'/ , respectively). In line with Duanmu
(2000) and Lin (2007), we treat them as glides which constitute part of the onset, so as to
avoid the ill-motivated idiosyncratic feature of Tianjin Mandarin as having triphthongs.

5000 Hz

0Hz

Figure 2.1 The spectrogram of a /teje’ | syllable.

It is important to note the difference between Tianjin Mandarin and Shanghai
Chinese. Chen and Gussenhoven (in press) have argued that the transition between an
alveolo-palatal affricate and its following vowel in Shanghai Chinese is phonetic and
predictable from the context, and should not be treated phonemically as /j/. For
comparison between the two dialects, we have plotted the spectrograms of three
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segmentally comparable monomorphemic words / tao'/ nife’, / tj(l:)1 / ‘to hold in the mouth’,
and /tejao'/ o teach’ as those in Figure 2.2 in Chen and Gussenhoven (in press). Different
from the observation in Shanghai Chinese where the transition between the alveolo-palatal
consonant and the vowel is rather brief, here we see that in Tianjin Mandarin, there is a
clear glide-like transition in /tgjas'/ (right in Figure 2.2), which is similar to that in /tjao'/
(middle in Figure 2.2) where there is a real glide, and different from that in /tas'/ (left in
Figure 2.2) where there is only subtle phonetic coarticulation.

tejao’

Figure 2.2 The spectrograms of / tas'/, ) tjaal / and / tEjaal /. Dashed frames indicate the transitions.

It is worth noting that alveolo-palatals /te/, /te"/ and /e/ can directly occur only
before the high front vowels /i/ and /y/ (and their cotresponding glides /j/, /4/), and
are therefore in complementary distribution with the denti-alveolars /ts/, /tsh/, /s/, the
post-alveolars /te/, /te"/, /e/, as well as the velars /k/, /k"/ and /x/. Their phonemic
status has been under some debates, which we will not pursue further here but refer
interested readers to Lin (2014) for further details.

2.2.3 Nasal

The nasal series in Tianjin Mandarin contain three different places of articulation: bilabial
/m/ as in /me'/ ‘mother’, denti-alveolar /n/ as in /ne*/ % include’, and velar /9/ as in
/ (11]2 / ‘to raise’.

2.2.4 Fricative

Fricatives in Tianjin Mandarin differentiate five different places of articulation: labiodental
/f/ asin /fe'/ w send’, denti-alveolar /s/ as in / sel/ % cast’, post-alveolar /J:/ as in /i‘el /
Sand’, alveolo-palatal /e/ as in / ejel / Shrimp’, and velar /X/ as in / x¥'/ ‘o drink’, which
alternates with the uvular fricative /y/ when followed by a non-high vowel as in /xage”/
([xae?)) ‘child’ and /xas’/ ([xao’]) ‘od’
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2.2.5 Approximant

Tianjin Mandatin has four central approximants /w, I, j, U/ as in /we'/ frog’, /g_@nz/
‘person’, / jlal/ ‘duck’ and / L[el/ %o restrict’, which mainly differ in their places of articulation,
and one lateral approximant /1/ as in Jle'/ pull’. Among them, /w/, /j/ and /y/ can
setve as patt of a complex onset. /j/ and /y/ are mostly in complementary distribution
except for one context; before the vowel /e/, they ate contrastive as in / njel/ o pinch’ vs.
/ nqe4/ ‘o abuse’, | tejel / ‘to connect’ vs. / tel{ez/ o feel’, | tehjel / ‘to cut’ vs. / tehqel / o lack’,
and /Gjel/ 40 rest’ vs. /qul/ boots’.

2.2.6 Syllabic consonant

As in Beijing Mandarin, Tianjin Mandarin has two syllabic consonants: the denti-alveolar
/7/ (as in /ts7’/ ‘son’) and post-alveolar /1/ (as in / t!f / ‘paper’). They are homotganic with
the preceding onset. /z/ follows denti-alveolar obstruents /ts, ts", s/ (as in /tsz/ ‘son’,
/ tshzz/ ‘word’, / SZ]/ ‘o think’), while /1/ only following post-alveolar obstruents / tl, tih, i‘/
(as in /tif/ ‘baper’, /tlhl/ o eat’, /}_I:f/ ‘poemt’). In addition, /1/ can occur by itself as in
/ 44/ ‘the sun’. For further details of their acoustic and atticulatory realizations, readers ate
referred to Lee and Zee (2014) and Lee-Kim (2014). While our transcriptions are in line
with Chao (1948), it is important to note that the literature witnesses quite some debates in
both the phonemic status and notation of the two sounds (see also review in Lee-Lim,
2014). Traditionally, Sinologists refer to them as “apical vowels” (e.g., Karlgren, 1915-
1926). They have also been referred to as “fricative vowels” in Ladefoged and Maddieson
(1996), syllabic approximant /1/ in Lee and Zee (2003, 2014), and syllabic dental
approximant /1/ and retroflex approximants /1/, tespectively in Lee-Kim (2014).

2.3 Vowels

Vowels in Tianjin Mandarin consist of eight monophthongs and four diphthongs. Like
consonants, vowels in Tianjin Mandarin are identical to those in Beijing Mandarin.
However, our transcription adopted here is different from that in Lee and Zee (2003),
mainly due to different treatments (i.e., vowel vs. glide) of the so-called “onglide” and the
notations that we chose for the diphthongs. Words with denti-alveolar onset consonants

were used to reduce contextual influence from the preceding consonant.

2.3.1 Monophthongs

The eight monophthongs in Tianjin Mandarin as well as their respective allophones are
illustrated in Table 2.4. Vowels produced in different contexts are treated as phonemes due
to their clearly different vowel qualities although they are not contrastive and can be
treated as allophones (e.g., Lin, 2007) or contextual variation as in Lee and Zee (2013).
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Table 2.4 Words illustrating monophthongs.

Closed Syllable

O Syllabl
pen oytable before coda /n/ before coda /1/

i i low’ lmn? Sorest’ lip? ero’
y Iy’ ‘donkey’ tevn' ‘army’

e tie' Fad’ tjen' Dump’

) to possessive marker ton* 1o drag’ tggl Jamp’
v te! 0 build’ tan' Single’ tap' when’
u tu' ‘metropolis’ ton' east’
¥ ty? ‘to get’

o two' more’

Figure 2.32 shows the mean F1 and F2 values of 50 samples for each monophthong
produced in open syllables by measuring the vowel midpoint. /9/ is not included in Figure
2.3a because open syllables with /o/ can only occut as neutral-tone syllables which cannot
be produced in isolation. (See section 5.3 in this chapter for more details.) Monophthongs
occurring in closed syllables with denti-alveolar and velar nasal coda are plotted in Figure
2.3b.

a b
F2 (Hz) F2 (Hz)
2500 2000 1500 1000 500 2500 2000 1500 1000 500
200 200
Py u @ ()
° ° ° \ 20
400 400
¥ Y(n)
e [ : n ) n
° Py &(n) o =
w3 o amom ® w7
N L) N
800 a(‘J) 800
amy  ®
.
13
o 1000 1000

Figure 2.3 F1 and F2 values of monophthongs produced in open syllables (a) and their respective
allophones in closed syllables (b).

There ate three front high vowels in Tianjin Mandarin. /i/ and /y/ (as in / ti'/ ow’
and /ly’/ ‘donkey’) are front close vowels contrasting only in the rounding of the lips. In
closed syllables, /i/ and /y/ ate realized as their lax counterpatts /1/ as in / lin?/ Sorest
and / 111]2/ ero’ and /Y/ as in / tevn!/ army’, respectively. When these two high front

’

vowels are followed by nasal codas, an offglide [9] is inserted as the articulation of the
vowel transits to the vocal configuration for the following coda, which is illustrated in
Figure 2.4 where the spectrogram of the syllable /m'/ ("] w0 listen) in Tianjin
Mandatin is plotted against that of the syllable /s1/ %ing’in American English (Ladefoged,
1999). In the latter, there is a clear and sharp acoustic boundary between the vowel and the
nasal coda without the presence of a transitional schwa.

/e/ is a front close-mid vowel, which can occur in open syllables; while in closed

syllables, we only obsetve the front open-mid vowel /g/. In both syllable types, a
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preceding glide (i.e., /j/, /uy/, /W/) is obligatoty as in /tjel/ dad’ and /tjsnl/ bump’.
Furthermore, in closed syllables, /€/ only occurs before the denti-alveolar nasal coda /n/.

a. /t"m'/ b. /sm)/

5000 Hz

5000 Hz ng -

0Hz SIS 0 Hz
Figure 2.4 Spectrogram comparison of the syllable | thlyl/ in Tianjin Mandarin (a) vs. the syllable

/sm/ in American English (b).

The central vowel /9/, commonly known as schwa, can occur in open syllables with
only neutral tone as in /to/ possessive marker or closed syllables with both nasal coda /n/
and /1/ (as in /ton*/ %o drag’and /ton'/ Yamp). As can be seen from Figure 2.35, in closed
syllables, the realization of /o/ is slightly influenced by different following nasal codas due
to their closure gestures at different places of articulation. Before the alveolar nasal coda
/n/, /9/ is slightly more frontal than that before the velar nasal coda /1/.

/e/ is a mid low vowel, which is transcribed as the cardinal /a/ in Lee and Zee
(2003). /e/ can occur in open syllables as in /te'/ %o build. In closed syllables, /&/ is
realized differently according to different nasal codas, as the front low /a/ before denti-
alveolar nasal coda /n/ (as in / tan'/ ‘ingle’) and as the back low /a/ before velar nasal
coda /1/ (as in /tan'/ ‘when). Lee and Zee (2003) treat the three variants in Beijing
Mandarin as the same phoneme. We would like to highlight their salient differences in the
vowel quality and opted to transcribe them as three different phonemes.

/u/ is a back close vowel. It can occur in open syllables as in /tu'/ ‘metropolis’, in
closed syllables before the velar nasal coda /1/, it is realized as its lax countetpatt /U/ as in
/ton'/ ‘east’.

Both /¥/ and /0/ are back close-mid vowels differing in the lip shapes as in / ts%/ %
get’and / two'/ ‘more’ where an onglide /w/ is obligatoty before /o/.

2.3.2 Diphthongs

Diphthongs in Tianjin Mandarin can only occur in open syllables, as illustrated in Table
2.5. Figure 2.5 shows the mean F1 and F2 values of 50 samples for each diphthong by
measuring the respective midpoint of the two parts in the vowel. Arrows in Figure 2.5
demonstrate the trajectories of the gliding.
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Table 2.5 Words illustrating diphthongs.

2

lex ‘thunder’
tag! Aull’
tao! ‘knife’
tou' il
F2 (Hz)
2500 2000 1500 1000 500
‘ ‘ ; : 200
- 400
/" -
600 —
eI\ 20 I
/ Qd 800
~
ag

- 1000

Figure 2.5 F1 and 2 values of diphthongs. Gliding trajectories are shown with arrows.

5000 Hz

TALE LA

0 Hz
1 €
Figure 2.6 Spectrogram comparison of diphthongs /e1/ vs. /ae/ as in syllables / ler’/ ‘thunder (a) vs.
J1lag’] 4o come’ (b), respectively.

There ate four diphthongs in Tianjin Mandarin, among which /e1, ae/ gliding
towards the front (as in / ler®/ “thunder’ and /tas'/ dull) and /ao, 9u/ towards the back (as
in /tas’/ %nife’ and /tou!/ @ll). /e1/ and /ag/ ate frequently transcribed as /ei/ and /ai/,
both gliding towatrds the same high front target /i/ (e.g., Lee & Zee, 2003; Lin, 2007).
However, this is not confirmed by our data. First, we can see from Figure 2.5 that, neither
/e1/ ot /ag/ really reaches the high front region at the offset patt; second, as shown in
Figure 2.6, the ending point of /e1/ vs. /ag/ have very different spectrograms especially in
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terms of F1 and F2, where the offset patt of /e1/ shows cleatly lower F1 but higher F2
values than that of /ag/. The same differences can also be observed for /ad/ vs. /ou0/,

whete both have been frequently transcribed to glide towatds the back high vowel /u/
(e.g., Lee & Zee, 2003; Lin, 2007).

2.3.3 Rhotic vowel and er-hua

There is a thotic vowel /o-/ in Tianjin Mandarin which is produced as an t-colotred schwa,
with the tip of tongue up at the end of the vowel. The syllable /o-/ can only occut
independently in three syllables: / o2/ “som >/ o3/ %ar and /o*/ ‘e’ When Jo/ is
produced with neutral tone, it is used as a diminutive suffix.

When adding the suffix /o-/ to a noun, typically, the two syllables are coalesced into
one rhoticized syllable in the output form, with the vowel part of the preceding syllable
directly rhoticized and only the lexical tone of the preceding syllable is kept, e.g.,
/net/+ /o /> /et there’ (as compared to / ne'/ that). Thete ate also other rhoticizing
processes in the following types of syllable structures:

In open syllables, if the vowel is /ag/, only the /a/ part is thoticized while /¢/ is
deleted, e.g., /phasz/ + /%) — /pha~2/ adge’ (as compared to /phaez/ Card)); if the
thyme is /e/, /e1/ ot syllabic consonants, the entire thyme part is replaced with /o/, e.g,,
/pel4/ + /2 — /p3~4/ ery’ (as compated to /pel4/ ouble’).

In closed syllables, if the coda is /n/, only the vowel is thoticized, while the coda is
deleted, e.g., /pan*/ + /o-*/ — /pa-*/ partner’ (as compared to /pan®/ ‘ampanion); if the
coda is /1/, the coda is realized with the nasalization of the vowel, and the entire nasalized
thyme is thoticized, e.g., /XW(ll]z/ + /o) — /xwd/ yolk’ (as compared to /XW(lez/
Yellow’). Similar rhoticization processes have been reported in Lee and Zee (2014) for
Beijing Mandarin (although the vowels are transcribed differently).

2.4 Syllable structure & phonotactics

The syllable structute in Tianjin Mandarin is (C/G)V(C). C stands for consonants. Except
for /1/, all consonants can occur at the initial onset position of a syllable. G stands for
glides such as /j/ in /jBl/ ‘duck’ /w/ in /we!/ frog’and /y/ in /L[el/ ‘to restrict’. V stands
for vowels. Coda is optional, and only one nasal consonant (/n/ ot /1/) is allowed (as in
/tan'/ Single’ or /t(ujl/ when). /n/ is the only consonant that appears both at the
beginning and end of a syllable (as in /ne*/ %o include’ and /tan'/ ‘single’). Onsetless
syllables are also possible, as in /ag'/ (‘ad).

In addition, there are some co-occurrence restrictions of consonants and vowels in
Tianjin Mandarin:

1) Alveolo-palatals /te, tGh, ¢/ can only occur before front high vowels /i, y/ (as in
/teil/ “Chicken’, /tehil/ Seven’, /eil/ ‘west’, /teyl/ ‘o live’, /tchyl/ maggot’, /Gyl/ ‘needs’), ot
their cotresponding glides /j, y/ (as in /tejel/ ‘to connect’, /tehjel/ ‘to cut’, /Gjel/ o rest’,
/tel{ez/ bo feel’, / tehqel / ‘to lack’, | eqel / ‘boots’).
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2) Complementary to 1), front high vowels /i, y/ and the cotresponding glides /j, y/
cannot follow denti-alveolar /ts, ts", s/, post-alveolar /tl, tf, Ll:/ , or velar /k, k", x/;
howevet, /y/ and /y/ can follow denti-alveolar /n, 1/ (as in / ny3 / ‘woman’, | ly2/ ontkey’,
/ nqe4/ ‘to abuse’, | lqe4/ o omit).

3) Mid-close vowels /e, 0/ have to co-occur with glides /j, W/, respectively, as in
/tje1 / ‘dad’, /two'/ ‘more’, back mid-close vowel /¥/ cannot follow labial consonants /P,
p", m, /.

4) Glide /w/ cannot be followed by front vowels while /y/ only followed by front
vowels (as in / L[el/ ‘o restrict). /j/, however, can be followed by front, central and back
vowels as in /jil/ ‘one’, /jal/ “duck’, /j(njl/ ‘central’.

2.5 Tones

Tianjin Mandarin differs from Beijing Mandarin mainly in the tonal system. It has a
different tonal inventory. Moreover, when tones are combined, Tianjin Mandarin exhibits a

complex pattern of tonal variability, different from that in Beijing Mandarin.

2.5.1 Lexical tones in isolation

There are four lexical tones in Tianjin Mandarin. Different f0 values have been proposed to
describe the tonal contours (e.g. Li & Liu, 1985; Shi, 1986; Wee et al., 2005). Figure 2.7
shows the /0 contours of the four lexical tones elicited in isolation with obstruent onsets.
Each tonal contour was obtained by averaging across 50 samples produced by the same
male speaker. The f0 values were normalized so that it can be interpreted into the five-scale
pitch system using the T-normalization method developed by Shi (1986). Here the intervals
0-1, 1-2, 2-3, 3-4, and 4-5 correspond to 1-5 in Chao (1920)’s pitch annotation system,
respectively.

As illustrated in Figure 2.7, Tone 1 (hereafter referred to as T1) is a low-falling tone,
of which pitch contour falls from the mid to the lower end of the speaker’s pitch range, as
in /1ao'/ %o dredge up’. Tone 2 (T2) is a high-rising tone, whose pitch contour rises from the
mid to the upper end of the pitch range, as in /1a0°/ ‘hard-working’. Tone 3 (T3) is a
dipping tone, which falls slightly from the lower pitch range, stays at the bottom and then
rises to the mid pitch range of the speaket, as in / las®/ ‘9/d’. Tone 4 (T4) is a high-falling
tone which falls from the upper end to the mid of the pitch range, as in / las*/ % Slood’. 1t
is noticeable that T1 and T4 show very comparable falling /0 patterns but in different
registers. T1 was realized in a lower register while T4 in a relatively higher one. Adopting
the pitch range scale in Chao (1920), T1 can be transctibed as /31/, T2 as /45/, T3 as
/213/, T4 as /53/.
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Figure 2.7 Lexical tones in isolation. Lines stand for the mean. Gray areas stand for 1 standard error
of mean. Tone 1 (T1) is illustrated with black line and dark gray area; Tone 2 (T2) with white line and
dark gray area; Tone 3 (13) with black line and light gray area; Tone 4 (14) with white line and light

gray area. Normaliged tine.

It can be noted that, the lexical tones of Tianjin Mandarin are different from that of
Beijing Mandarin except for the dipping tone T3. In Beijing Mandarin, T is a high level
tone. Contrastingly, there is no level tone in Tianjin Mandarin. More importantly, register,
among other acoustic cues, seems to play an important role in falling tone discrimination in
Tianjin Mandarin, which is not normally found in Beijing Mandarin.

2.5.2 Tone variability in connected speech

When lexical tones are produced in connected speech, the f0 realization is usually varied
cither phonetically due to tonal coarticulation or phonologically due to tone sandhi.

2.5.2.1 Tonal coarticulation

Tonal coarticulation in Tianjin Mandarin is bi-directional, including left-to-right carryover
effect and right-to-left anticipatory effect. Similar to Beijing Mandarin and most other
East-Asian tonal languages, carryover effect in Tianjin Mandarin is assimilatory in nature,
while anticipatory effect is dissimilatory. Carryover effect tends to be greater than
anticipatory effect both in terms of the magnitude and the temporal extent. In Tianjin
Mandarin, carryover effect can be observed in all tonal contexts except when the second
tone is the low falling T1, while anticipatory effect is only triggered by low tones (i.e., T1
and T3). Figure 2.8 illustrates the two coarticulatory effects in Tianjin Mandarin. Each
tonal contour was obtained by averaging across 12 samples produced by the male speaker.
For more details on tonal coarticulation in Tianjin Mandarin, readers are referred to Zhang
and Liu (2011) as well as Li and Chen (2016).

As shown in Figure 2.84, the f0) of a tone can be realized differently due to different
preceding tones: when T2 is preceded by a high tone such as T4 (as in /tei® mouv®/
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Stratagem’), the onset fU realization of the second T2 is clearly higher than that following a
low tone such as T1 (as in /kwer' mwo’/ ‘cale). In Figure 2.8b, the anticipatory effect is
shown as the first tone is realized differently due to different second tones: when T2 is
followed by a low tone such as T1 (as in /pag” mao'/ white cat’), the offset 0 realization of
the first T2 shows faster rate of f0 rising than that before a high tone as T4 (as in /tfaoz
mi'/ ‘dense).

a. carryover effect b. anticipatory effect

250 - 250

T2T1 = -7 -

200 200 e N -
) i - /\
T < L "\
S T4T2 - / .

150 \/ 150 | === T2T4 N

TIT2 T -
100 100
Normalized Time Normalized Time

Figure 2.8 /0 realization of T2 when connected with a high tone (14) vs. a low tone (I1). T2 as the
second tone in a, T2 as the first tone in b. Normalized time.

2.5.2.2 Tone sandhi

Previous impressionistic studies have reported multiple disyllabic tone sandhi rules in
Tianjin Mandarin (e.g., Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000;
Wang, 2002; Wee et al., 2005; Hyman, 2007). Three patterns have been confirmed with
experimental data: T1T1, T3T3, T4T1 (Li & Chen, 2016), with no complete neutralization
with their respective targeted ouputs as proposed in the rules (see also Zhang & Liu, 2011
for similar observations). Figure 2.9 shows the U contours of the three tone sandhi
patterns. Each tonal contour was obtained by averaging across 12 samples produced by the

male speaker.

a.TIT1 b.T3T3 c. T4T1

250 250 250

200 200 / 200 /

150 \/ 150 \/ 150

100 100 100
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10 (Hz)
10 (Hz)
10 (Hz)

Figure 2.9 f0 realization of three tone sandhi patterns in Tianjin Mandarin. Normalized time.
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It can be seen from Figure 2.9 that in all the three tonal combinations, the first tone
was realized with a drastically different contour from its canonical form (compared to their
respective contours in Figure 2.7). In T1T1 (Figure 2.94), the first T1 is not a low falling
tone any more as its canonical form. Instead, the offset of the tone was raised to a great
extent, as in /teje’ mao'/ ‘dometic cat’. In T3T3 (Figure 2.90), the first T3 was realized with
a rising contout, which is different from the dipping contour of T3 in isolation, as in / wu’
ny’/ dancing girl’. In TAT1 (Figure 2.9¢), the first tone shows a high rising /0, as in / xou?
me'/ stepmother’. It is again very different from the high falling contour when the tone was
pronounced in isolation. Among the three tone sandhi sequences, T3T3 is near-merged
with its so-called sandhi output T2T3 (as in /t"Wo® njas’/ ‘ostrich), while T1T1 and T4T1
are not merged with any tonal sequence, as claimed as T3T1 (as in /nag’ me'/ ‘wanny’) and
T2T1 (as in /pag’ mao'/ ‘white cat’) in the literature.

When these bisyllabic constituents occur in trisyllabic sequences, tone sandhi does
not consistently apply as reported in the literature (e.g., Li & Liu, 1985; Chen, 2000; Ma,
2005; Wee et al., 2005). Instead, only T3T3 was found to apply sandhi changes consistently
and regardless of its alignment in the trisyllabic sequences, as illustrated with an example in
Figure 2.10. In both T3T3T2 (as in /Xwo’ pe’ teje’/ Yorch festival) and T2T3T3 (as in
/xwe’ pjas’ tejan’/ Marble Pillar Award) sequences, the first T3 was realized with a rising
/0 contour as found in the disyllabic data (Figure 2.94), indicating the application of tone
sandhi in both contexts.

By contrast, the patterns T1T1 and T4T1 can only be applied when the patterns are
right aligned in the trisyllabic sequences, as shown with an example for T1T1 in Figure
2.11. In T2T1T1 (Figure 2.115) where the T1T1 sequence is right-aligned as in /xon’ ton'
te"y'/ ed light district’, the middle T1 was realized with a rising f0 contour comparable to
that in Figure 2.94, suggesting the application of tone sandhi in this case. When T1T1 is
left-aligned (Figure 2.114) as in / kon' fan' tey®/ Trade and Industry Burean’, tone sandhi
does not apply since the first T1 was realized with a falling contour, just like its canonical
form as in Figure 2.7. For further details, see Li and Chen (2012a, 2016).

a. T3T3T2 b. T2T3T3
250 250
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Figure 2.10 /0 realization of trisyllabic sequences when T3T3 is lefi-aligned (a. T3T3T2) vs. right-
aligned (b. T2T3T3). Normaliged tine.
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Figure 2.11 f0 realization of trisyllabic sequences when T1T1 is left-aligned (a. TIT1T2) vs. right-
aligned (b. T2T1T1). Normaliged time.
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2.5.3 Neutral tone

As in Beijing Mandarin, neutral tone also exists in Tianjin Mandarin. The neutral tone
syllables are those that do not surface with any of the lexical tones. As these syllables
always occur in the prosodically weak positions like in Beijing Mandarin (Chen & Xu,
2000), they are usually produced with acoustic reduction in the segmental aspects, where
the onset consonant of the neutral tone syllable is sometimes voiced, and the vowel might
be centralized ot even deleted. For example, in the word / kx' k/ ‘%elder brother’, in which
the second syllable is a neutral tone syllable, its onset consonant is often voiced, and the
vowel can be reduced to a schwa, as in [kx' ga]. Suprasegmentally, neutral tone syllables are
usually produced with short duration (typically about half of the duration for a lexical tone
syllable); and their f0 realization also exhibits much variability (Wang, 2002).

Neutral tone syllables in Tianjin Mandarin never occur independently; instead, they
always follow a lexical tone syllable in a disyllabic lexical item. Typical neutral tone syllables
include grammatical morphemes (e.g., possessive marker /to/ in A), the second syllable of
a disyllabic lexical item (e.g., /1i/ in B), and the final syllable of a reduplicated form (e.g.,
/kx¥/ in C).

A /wo'te/ mine’
B. /pwo' li/ ‘glass’
C. /kx' ky/ elder brother’

Like in Beijing Mandarin, f0 realization of neutral tone in Tianjin is much influenced
by the preceding lexical tones, due to its prosodic weak position. A stable mid low tonal
target can be observed, but only when given enough time as in Chen and Xu (2000).

Previous studies observe special rising neutral tone realization when it is followed by
the low falling T1 (Wang, 2002; Li & Chen, 2011) for example in /per’ tfo me'/ “arrying
Mom on the back’, as illustrated in Figure 2.12. Each tonal contour was obtained by
averaging across 6 samples produced by the male speaker.

However, the rising neutral tone realization is due to the general raising effect of T1
upon its preceding tones (Ii & Chen, 2012b; cf. Wang, 2002). When there are multiple
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neutral tone embedded as shown in Figure 2.134, the neutral tone first aims to realize its
own mid-low tonal target by the end of the second neutral tone, as in the example
sentence /t"e' fwo' me' me mon to mao' t"' lwan* lo ne* ko gjen’ tehjsoz./ ‘He said
mothers’ cats messed up that cotton ball.’ The raising could only be observed over the very last
neutral-tone syllable. Importantly, the rising effect can be blocked by a major prosodic
boundary as in Figure 2.134, as in the example sentence / the! i‘wo1 me' me mon to tson’'

teje' lo san' pae® kK"wae® te"jen’./ He said mothers’ had increased by 300 yuan.’

180
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N
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Figure 2.12 /0 realization of one neutral tone (N) embedded between two T1s. Normalized Time.

a. No Major Boundary b. With Major Boundary
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Figure 2.13 f0 realization of three neutral tones (NTIN2IN3) embedded between two T1s without (a) or
with (b) a major prosodic boundary following the nentral tone sequence. Normalized Time.

2.6 Transcription of recorded passage ‘north wind and the sun’
This passage is transcribed phonemically based on the symbols described in the consonant
and vowel part. Tones are marked with numbers instead of tonal values. Tones undergoing

sandhi changes are marked with the number of the original tone with brackets. Neutral

tone syllables are not marked with tone numbers.
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CHAPTER 3 AN ACOUSTIC STUDY OF CONTEXTUAL TONAL
VARIATION IN TIANJIN MANDARIN?2

3.1 Introduction

It is known that the /0 realization of lexical tones varies extensively in connected speech.
At a global level, /0 can vary due to the overall discourse prosody in which the tone-bearing
lexical item is produced. At a more local level, the f0 realization of a lexical tone can be
further affected by its neighboring tones (see e.g., Chen, 2012 for a review). One well-
noted local contextual effect is tone sandhi, which is often described as the phonological
change of lexical tones (Chen, 2000; also see Zhang, 2010 for a review). Another local
contextual effect is tonal coarticulation, which is traditionally defined as phonetically minor
/0 adjustments to preceding or following tones (see Xu, 2001 for a review). Both processes
cause changes in the f0 realization of a lexical tone, so that the resulting /0 contour may
deviate to varying degrees from the canonical fU shape of the tone produced in isolation.
While there has been general agreement on the difference between tonal coarticulation and
tone sandhi to account for contextual tonal variation, there is little consensus or research
effort on how exactly or whether the wide range of f deviations can be categorized as a
function of these two distinct processes.

In this study, we aimed to address this issue through directly comparing these two
types of tonal variation. Our empirical base is Tianjin Mandarin, a Northern Mandarin
dialect spoken in the urban areas of Tianjin, a metropolis in northern China. Tianjin
Mandarin presents an interesting test case on tonal variation, further understanding of
which will shed light on how different tonal variation processes intertwine to determine the
/0 realization of lexical tones. The dialect is known for its complex tone sandhi patterns
over disyllabic constituents. Over trisyllabic constituents, some tone sandhi rules have been
argued to apply only to the leftmost two syllables, while others only to the rightmost two
syllables, regardless of the morpho-syntactic structures. Furthermore, some sandhi rules are
claimed to apply iteratively, i.e., over derived contexts of the first round of sandhi
application. These two properties are together known as the “paradox” in Tianjin tone
sandhi (e.g., Chen, 2000).

It is important to note that although tonal variation in Tianjin Mandarin has been
extensively studied, most were based on impressionistic data. In a recent acoustic study,
Zhang and Liu (2011) examined tonal coarticulation of disyllabic items but did not
compare them to the previously claimed tone sandhi patterns. This makes it impossible to
evaluate directly how tonal variation due to different sources may differ. Furthermore,
despite the potentially significant implications of the Tianjin Mandarin tone sandhi
“paradox” on our theoretical modelling of tonal variation, no experimental work has been
done on trisyllabic tone sandhi in Tianjin Mandarin. Pilot results in Li and Chen (2012)

2 A version of this chapter has been published as: Qian Li & Yiya Chen. (2016). An Acoustic Study
of Contextual Tonal Variation in Tianjin Mandarin. Journal of Phonetics 54: 123-150.
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raised serious doubts on the tonal variation patterns of trisyllabic sequences reported in the
literature (Chen, 2000 and references therein).

The specific goal of this study therefore was to collect data from a well-controlled
acoustic experiment and investigate 1) how lexical tones are realized with varying /0
contours in disyllabic domains without pre-exclusion of any tonal sequence claimed to
involve tone sandhi processes; and 2) whether disyllabic tone sandhi alternations can be
observed in trisyllabic constituents, with particular focus upon the issue of directionality
and iterativity of sandhi application. By doing so, we hope to arrive at a better
understanding of tonal realization in Tianjin Mandarin, which, in turn, would help to

further refine a general theory of tonal variation.

3.1.1 Lexical tones of Tianjin Mandarin in isolation

Although Tianjin Mandarin has a very similar segmental structure to Standard Chinese, the
dialect differs significantly from Standard Chinese in terms of the tonal system (Han, 1993;
Wee et al., 2005). There are four lexical tones in Tianjin Mandarin. Figure 3.1 illustrates the
/U realization of the four lexical tones elicited in isolation. All /U contours were plotted
based on 50 samples with different segmental structures for each tone, produced by a male
native speaker in his 20s at the time of recording (born in 1983). 0 contours were time-
normalized by taking 20 points in the rhyme part of each syllable with equal time interval.
The fU values were normalized by converting them to speaker-specific z-scores (Rose,

1987) with the formula: z = fox;J;M. (f0.: the observed f0 value in Hz; /0,,,: the mean
SD

/0 value of the speaker in Hz; f0sp: the standard deviation of f) value of the speaker in Hz.)

T2
1 /
—~ / T4
o
[e]
20
1 T3
-1l
Tl

-2

Normalized Time
Figure 3.1 Four lexical tones in Tianjin Mandarin produced in isolation (with normalized time). Lines
stand for the mean. Gray areas stand for 1 standard error of the mean.

As can be seen from Figure 3.1, Tone 1 is a low-register falling tone, with a pitch
contour that falls from the middle to the lower end of the speaker’s pitch range. Tone 2 is
a high-register rising tone, whose pitch contour rises from the middle to the upper end of
the pitch range. Tone 3 is a low-register dipping tone, which falls slightly from the lower
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pitch range, stays at the bottom and then rises to the mid pitch range of the speaker. Tone
4 is a high-register falling tone which falls from the upper end to the mid pitch range.

Table 3.1 summarizes the annotations adopted in different studies. Strictly speaking,
no annotation system listed in Table 3.1 accurately reflects the 0 contours plotted in Figure
3.1. This discrepancy is in part an indication of the considerable variation in lexical tone
production that exists both within and across speakers of the same generation as well as
across speakers of different generations. Despite the variability, the basic /) patterns of the
four lexical tones are rather consistent at a more abstract level.

Table 3.1 Transcriptions of the four lexcical tones in Tianjin Mandarin in different studies.

T1 T2 T3 T4

e.g., Chen, 2000; Wee et al., 2005;

L H R(LH FHL
(LH) (HL) Hyman, 2007

IL HH LH HL e.g., Wang & Jiang, 1997; J. Wang, 2002;
Ma, 2005

2 45 213 53 e.g., Li & Liu, 1985; Hung, 1987;
Tan, 1987; Zhang, 1987; Han, 1993

211 455 113 553 e.g., Shi, 1986

41 34 12 52 e.g., Zhang & Liu, 2011

3.1.2 Tonal variation in connected speech in Tianjin Mandarin

In connected speech, tonal variation abounds in Tianjin Mandarin. Of our interest are the
two processes that have been described in the literature to extensively influence the /0
contour of a lexical tone within a local tonal context: tonal coarticulation and tone sandhi.

3.1.2.1 Tonal coarticulation

Tonal coarticulation has been reported in many East Asian contour-tone languages, such as
Thai (e.g., Palmer, 1969; Abramson, 1979; Gandour et al., 1993; Gandour et al., 1994;
Gandour et al., 1996; Potisuk et al., 1997; Zsiga & Nitisaroj, 2007), Vietnamese (e.g., Han
& Kim, 1974; Brunelle, 2009), Standard Chinese (e.g., Shen, 1990; Xu, 1994; Xu, 1997,
Kochanski et al., 2003), Taiwanese (e.g., Peng, 1997; Wang, 2002), and Malaysian Hokkien
(e.g., Chang & Hsich, 2012). Despite the differences among languages, two types of tonal
coarticulation have been commonly attested: the left-to-right carryover tonal coarticulation
and the right-to-left anticipatory tonal coarticulation.

Carryover tonal coarticulation refers to the effect that the production of the first tone
has on its following tone in a disyllabic tonal sequence. Carryover effects are generally
assimilatory in nature (e.g., Han & Kim, 1974; Abramson, 1979; Shen, 1990; Gandour et al.,
1994; Potisuk et al., 1997; Xu, 1997; Brunelle, 2009). Therefore, the high f0 offset of the
first tone raises the /0 onset of the second tone, while the low f0 offset lowers the following
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onset. Such tonal coarticulation patterns have been observed consistently across languages
regardless of the identity of the first tone. Due to the carryover effects, the onset of the
second tone usually varies greatly. The influence from the preceding tone can be extended
well into the first half or the entire second tone, although the magnitude of the influence
decreases over time (e.g., Gandour et al.,, 1993; Gandour et al., 1994; Potisuk et al., 1997;
Xu, 1997; Brunelle, 2009).

The cross-linguistic carryover effects have been reported for Tianjin Mandarin in
Zhang and Liu (2011). Specifically, they argued that three tones in Tianjin Mandarin are
subject to the carryover effects, i.e., T2, T3, and T4. The low-falling tone (T'1), however,
was claimed to resist the carryover effects from any preceding tone.

In contrast to carryover effects, anticipatory tonal coarticulation refers to the effect of
a following lexical tone on the production of its preceding tone. Anticipatory effects are
mainly dissimilatory in nature (but see Shih & Kochanski, 2000 for reported assimilatory
anticipatory effects in Standard Chinese), and are usually restricted to a limited number of
triggering contexts. The magnitude and the temporal extent of their influence are also
much less (e.g., Gandour et al.,, 1994; Potisuk et al., 1997; Xu, 1997; c.f., Chang & Hsieh,
2012 for more powerful anticipatory effects reported for Malaysian Hokkien). In a
disyllabic tonal sequence, the anticipatory effects seem to be triggered only by a following
low tone (e.g., Gandour et al., 1994 and Xu, 1997 for Thai and Mandarin, respectively). In
most cases, anticipatory effects on the first tone are also rather negligible and localized to
the offset of the preceding tone (e.g., Potisuk et al., 1997; Xu, 1997).

In Tianjin Mandarin, only a minor anticipatory effect has been reported, which is
triggered by the low-register dipping T3 (Zhang & Liu, 2011). It is important to point out
that Zhang and Liu (2011) did not examine tonal combinations that were assumed to
involve tone sandhi for potential anticipatory effects. This makes our understanding of the
anticipatory tonal coarticulation effects in Tianjin Mandarin possibly limited and
incomplete. Given that in Tianjin Mandarin, tone sandhi is right dominant and anticipatory
coarticulation is also triggered by the second syllable within a disyllabic word, we think it is
particularly important that we include all possible tonal combinations to shed further light

on the potential differences between tonal coarticulation and tone sandhi.

3.1.2.2 Tone sandhi

Different from tonal coarticulation that is usually considered the phonetic modification of
/0 contours, tone sandhi, in many of the impressionistic reports, is considered to involve
the categorical change of the phonological identity of a lexical tone. Much work has been
done on tone sandhi in various Chinese dialects (see e.g., Chen, 2000 for an overview),
among which Tianjin Mandarin is known for its complex sandhi patterns over disyllabic
and trisyllabic constituents.

For disyllabic sequences, most previous studies on Tianjin Mandarin have identified
four disyllabic tone sandhi rules (e.g., Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987,
Chen, 2000; J. Wang, 2002; Ma & Jia, 2006; Hyman, 2007), as shown in Rules (1) — (4),
where the tones were transcribed with features adopted from Chen (2000).
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(1) TI+T1 (L+L) — T3+T1 (LH+L)
(2) T3+T3 (LH+LH) — T2+T3 (H+LH)
(3) T4+T4 (HL+HL) — T1+T4 (L+HL)
(4) T4+T1 (HL+L) — T2+T1 (H+L)

Rules (1)-(3) have been attributed to tonal dissimilation due to the Obligatory Contour
Principle, while Rule (4) is attributed to Tonal Absorption (Chen, 2000). With
sociolinguistic data, Lu (1997) proposes that Rule (1) has undergone some diachronic
changes. A new pattern of that sandhi change, i.e., T1+T1 (L+L) — T2+T1 (H+L), has
been observed in the speech of the younger generation. In addition, Rule (4) has been
reported to become “obsolete” in the speech of the younger generation (Liu & Gao, 2003).
More recently, Wee et al. (2005) argued that there are two more sandhi rules in Tianjin
Mandarin, where T3 changes to T'l before cither T2 or T4 as shown in Rules (5) and (6).

(5) T3+T2 (LH+H) — T1+T2 (L+H)
(6) T3+T4 (LH+HL) — T1+T4 (L+HL)

What is shared among all the impressionistic studies is that tone sandhi involves the
categorical change of one lexical tone to another within the native lexical tonal system.
However, recent experimental data suggest that in Tianjin Mandarin, tonal neutralization
might not be involved at all in disyllabic tone sandhi (Zhang & Liu, 2011; Li & Chen,
2012).

For trisyllabic sequences, the tone sandhi situation becomes more complicated. Of all
64 tonal combinations of trisyllabic sequences, 27 have been claimed to involve sandhi
based on the four commonly accepted disyllabic sandhi rules (e.g., Ii & Liu, 1985; Chen,
2000; Ma, 2005; but see Wee et al., 2005 for more trisyllabic sequences that undergo sandhi
changes).

Among the 27 combinations, 20 have been referred to as simple applications, where
only one disyllabic sandhi rule could possibly apply. These disyllabic patterns have been
argued to apply consistently within a trisyllabic domain, regardless of the location where
the disyllabic combinations occur. For example, T1T1 sandhi is claimed to apply over both
T1T1T2 and T2T1T1.

The other seven cases (7)-(13) have been claimed to involve iterativity and
directionality issues of sandhi applications (e.g., Li & Liu, 1985; Chen, 2000; Ma, 2005).
Specifically, (7)-(11) have been claimed to involve iterative sandhi rule application, due to a
newly derived sandhi context after the first round of sandhi application. For example, in
the sequence T3T1T1 (10), the first T1 is claimed to change to T3, which results in an
intermediate stage T3T3T1 where T3T3 is again a possible sandhi context, leading to the
final output as T2T3T1.

The seven cases here have also been argued to exemplify the directionality of tone
sandhi changes. (7) and (8) have been argued to undergo sandhi processes from the left
edge and (9)-(13) from the right edge. Taking the tonal sequence T1T1T1 (12) as an
example. This sequence has been reported to surface as T1T3T1, which has been taken as
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evidence that the sandhi rule must have been applied from the right edge of the constituent

instead of the left edge.

Underlying 1st Round of 2nd Round of
Pattern Application Application
@) T3+T3+T3 T2+T3+T3 T2+T2+T3
(LH+LH+LH) (H+LH+LH) (H+H+LH)
©)] T4+T4+T1 T1+T4+T1 T1+T2+T1
(HL+HL+L) (L+HL+L) (L+H+L)
) T4+T4+T4 T4+T1+T4 T2+T1+T4
(HL+HL+HL) (HL+L+HL) H+L+HL)
(10) T3+T1+T1 T3+T3+T1 T2+T3+T1
(LH+L+L) (LH+LH+L) (H+LH+L)
(11) T1+T4+T4 T1+T1+T4 T3+T1+T4
(L+HL+HL) (L+L+HL) (LH+L+HL)
(12) T1+T1+T1 T1+T3+T1
(L+L+L) (L+LH+L)
(13) T4+T1+T1 T4+T3+T1
(HL+L+L) (HL+LH+L)

Various attempts have been made to explain the complex sandhi application in
Tianjin Mandarin (e.g., Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000; Ma, 2005; Wee
et al., 2005), but no consensus has been reached. The issues of iterative and directional
applications of tone sandhi in Tianjin Mandarin not only have presented great challenges to
phonological theories of tonal alternation, but also have raised interesting questions
regarding theories of allotone processing and learnability.

Before any attempt to address these theoretical issues is made, two problems need to
be tackled with regard to the proposed trisyllabic sandhi rules. First, since the disyllabic
combinations have been shown to be realized differently from what has been claimed in
the literature, it is very likely that the actual realization of trisyllabic combinations might
also differ from those described in previous studies. Second, the so-called iterative sandhi
application proposed for some trisyllabic combinations is based on the assumption that
sandhi-derived tones are lexical tones within the system and there is complete
neutralization of the derived and the base tones. If indeed tone sandhi in Tianjin Mandarin
does not involve lexical tone neutralization, any iterative tonal change is then called into
question. At this stage, we believe that well-controlled experimental data are not only
needed but also crucial for our further understanding of these issues.

3.2 Method

Disyllabic tonal sequences with full combination of the four lexical tones (T'14T14) were
collected to allow direct comparison of the two possible types of tonal variation, i.e., tonal
coarticulation and tone sandhi in the language. To investigate further the iterativity and

directionality of tone sandhi application, relevant trisyllabic sequences were also included.
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Subsets of the data will also provide us with evidence to shed light on the issue of tonal

neutralization under sandhi changes.

3.2.1 Materials

We used real words and phrases because most of our speakers reported to have difficulties
in producing nonsense sequences (see also Zhang & Liu, 2010 for different tonal
realization of nonsense words compared to real words). Two reading lists were included in
this study, one for the disyllabic sequences and the other for the trisyllabic sequences.

The disyllabic reading list consisted of all 16 possible tonal combinations of the four
lexical tones in Tianjin Mandarin. All stimuli are common collocations, which are arguably
lexicalized in the language. For possible influence from their internal morpho-syntactic
structures, we limited the structures to three different combinations: Compound (e.g., £
15 die'ma! “parens’), Modifier+Head (e.g., 56 % tuo2niao® “ostrich”), and Verb+Object (e.g.,
HEFE tuilli3 “/uference”). These morpho-syntactic structures had a balanced number for each
tonal combination. The choice of the stimuli was further constrained by their segmental
composition. Only sonorant onsets were used for the second syllables in order to better
observe the effect of contextual tonal variation and also for the ease of segmentation.

The trisyllabic reading list included all 64 combinations of the four lexical tones. For
each trisyllabic tonal combination, the sequence was either a mono-morphemic word (660,
as mostly seen in loan words such as ZHi-E wullalgui! “Uragnay’; hereafter, underlines
indicate the constituent structure of the sequence), or a compound or phrase with two
different internal grouping patterns: 66+6 (e.g., $i ] #% lalding! wu3 “Latin dance”) or
6+66 (e.g, i L% gaol gonglzil “high salary”). For each structure, we included two
different items. Due to the limited availability of syllables with sonorant onsets, items with
obstruent onsets at the second and third syllable were also used. Most test items are very
common words and phrases with an exception of a few, which nevertheless are still
relatively common.

Each test item was embedded in a unique carrier sentence with the copular verb “...
shi* ... (... 4 ...>).” The length of each carrier sentence was within the range of 9-11
syllables as illustrated in the following example, where the target stimulus is SR (mi* ma3,

“bassword”).

Y & i TRE 1 FE.
Mi* ma3 shi4 zhong3 bao? mi* de shou’ duan®.
Password BE Classifier encrypting method.

Password is an encrypting method .

Data from Chen and Gussenhoven (2008) and Chen (2010) for Standard Chinese as
well as Scholz (2012) and Scholz and Chen (2014) for Wenzhou Chinese show that lexical
tones are less influenced by adjacent tonal targets when produced under focus, compared

to their post-focus counterparts. (Readers are also referred to Chen, 2012 for further
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discussions on the effects of on-focus vs. post-focus on tonal realization.) To control the
effect of focus, we elicited the utterances as answers to specific questions, resulting in two
focus conditions, as illustrated below. In the On-Focus condition, focus was on the target
phrase. In the Pre-Focus condition, focus was on later parts of the sentence. In this way,
we excluded the possibility that speakers might randomly produce the stimulus sentences
with varying information structures. For this particular study, we were not interested in the
effect of focus per se and had therefore placed the target stimuli in the sentence-initial
subject position, where we knew that the effects of on-focus and pre-focus are closer than
in other positions (Xu, 1999).

On-Focus Condition:

QUESTION:

4 & fif TR FR?
Shen? me shi* zhong3 bao3 mi* de shou? duan*?
What BE Classifier  encrypting method?

What is an encrypting method?

ANSWER:

= P i TRE 1 FB

Mi4 ma3 shi4 zhong3 bao3 mi* de shou’ duan®.
Password BE Classifier  encrypting method.

Password is an encrypting method.

Pre-Focus Condition:

QUESTION:

#H = i thae

Mi4 ma3 shi4 zhong3 shen? me?

Password BE Classifier ~ what?

What is password?

ANSWER

Y 2 Fi B W FH.

Mi4 ma3 shi4 zhong3 bao3 mi4 de shou3 duan?.
Password BE Classifier ~ encrypting method.

Password is an encrypting method.
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3.2.2 Subjects

Six speakers (3 males and 3 females; Mean=25) participated in the experiment. All were
local college students, born in the 1980s and raised in the urban areas of Tianjin. None of
them had lived outside of Tianjin. They were paid for the participation but unaware of the

purpose of the experiment. All participants provided written informed consent.

3.2.3 Recording

All questions were recorded beforehand in the Phonetics Lab at Leiden University by a
native speaker of Tianjin Mandarin. During the experiment, subjects were requested to
respond to the question with the targeted response sentence presented on the computer
screen. All found the task straightforward and followed the same procedure. Recordings
wetre conducted in a quiet room in Tianjin using an M-Audio® mobile digital audio
recorder MicroTrack I with 44.1 kHz sampling rate and 16 bit rate in mono channel.

96 disyllabic items (4 initial tones * 4 final tones * 3 structures * 2 focus conditions)
were eclicited from each of the six participants, each with two repetitions. 768 trisyllabic
items (4 initial tones * 4 middle tones * 4 final tones * 3 structures * 2 words * 2 focus
conditions) were also elicited from each participant. However, one third of the items, with
fricative onsets at the second or third syllable, were produced only once. The other two
thirds, with non-fricative onsets, were produced twice.

3.2.4 f0 analysis

The acoustic data were manually segmented in Praat (Boersma & Weenink, 2011). A
custom-written script was used for f0 extraction and smoothing. fUl contours were obtained
by taking 20 points (in Hertz) in the rthyme part of each syllable or in the whole syllable for
the second syllable within disyllabic constituents where the syllable onsets were all
sonorant. To eliminate the pitch range difference due to gender and to better illustrate the
tonal variation patterns, each speaket’s raw /0 data were normalized by converting them to
speaker-specific z-scores (Rose, 1987). The plotted tonal contours were then based on the
mean z-scores averaged across speakers.

3.2.5 Growth curve analysis

To better understand the varying nature of fU over the time-course of the tone-bearing
syllable, we employed the growth curve analysis (Mirman, 2014) with the package /we4
(Bates, Maechler, Bolker & Walker, 2014) in R (R Core Team, 2014). The growth curve
analysis is a multilevel regression technique which is more appropriate and powerful for
analyzing non-linear time-varying data (e.g., /). The advantage of this technique is that the
overall /0 contours are taken into consideration. Moreover, the experimental manipulations
are better examined by taking into consideration of the random variation due to different
subjects.
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In growth curve analysis, a non-linear curve is typically fitted with high order
orthogonal polynomials, such as, ¥ = a + bx + cx? + dx> + ex* ... (x for time, y for f0).
The characteristics of a curve could be independently reflected by the coefficients for
different time terms in the polynomials. Among them, the intercept # usually indicates the
overall mean of a curve; the linear term & indicates the general direction of the curve
change (slope); the higher order terms generally reflect the curve complexity (e.g., the
quadratic term ¢ for a U-shape curve, cubic 4 for an S-shape curve, and quartic term ¢ for a
W-shape curve).

In this study, we used up to second-order polynomials since the most complex /0
contour of one lexical tone in our data has only a convex or concave contour shape. Tonal
variation due to different contextual conditions was therefore analyzed by assessing the
intercept, linear, and quadratic terms in the fitted model. If two contours differ from each
other, we should expect statistical significance in at least one aspect of their /0 contours.
This includes the overall /) mean indexed by the intercept, the direction of ) change such
as rising vs. falling indexed by the slope, and the steepness of /0 rising or falling indexed by
the quadratic term.

To carry out the growth curve analyses, separate linear mixed-effects models were
built for subsets of the data for specific hypothesis testing. For both disyllabic and
trisyllabic datasets, we have controlled the tone category, consonant type, vowel height and
syllable structure for each syllable within one stimulus. We also controlled the structure (i.e.,
morpho-syntactic structure for disyllables and grouping structure for trisyllables), focus,
repetition and relative familiarity of each stimulus. To determine which controlled factor
should be considered in the models, each base model was first established containing only
the time terms in the fixed factor structure and the random slope of subject on all time
terms. Additional controlled factors were then added in the models in a stepwise fashion.
Model fits were tested at each step via model comparisons based on the change in the log-
likelihood ratios. Controlled factors that significantly improved the model fits were kept in
the fixed factor structure of the models. Parameter-specific p-values were estimated using
the normal approximation (i.e., treating the ~value as a z-value). Multiple comparisons with
Bonferroni adjustment were conducted with the function gz in package multcomp (Hothorn,
Bretz & Westfall, 2008) whenever necessary.

3.3 Results & discussion I: Tonal variation in disyllabic domain

3.3.1 Results

We were interested in the potential differences in tonal variation due to coarticulation and
tone sandhi. Given that tone sandhi of disyllabic sequences in Tianjin Mandarin involves
the modification of the first tone as a function of its following tone, we zoomed into the /0
contours of each first tone followed by different second tones (i.e., the anticipatory effects),
as plotted in Figure 3.2. For our planned comparisons, the whole disyllabic dataset was
separated into four subsets according to the tonal category of the first tone. The statistical

results were summarized in Table 3.2.
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Figure 3.2 The f0 variation of the four target lexical tones due to different following tones. T1 in a, T2
in b, T3 in ¢ and T4 in d. Lines indicate the mean of the normalized f0 contour across speakers.

Normalized time.

Table 3.2 Results of pairwise comparison on the variability in the first tone due to different following

tones.
a. Target T1
beforeT?2 vs. beforeT1 beforeT3 vs. beforeT1 beforeT4 vs. beforeT1
B=-0.67 B=-0.65 $=-0.89
Intercept 2=-6.69 Intercept z=-5.88 Intercept 2=-8.86
p<0.001 p<0.001 p<0.001
B=-2.86 p=-3.18 p=-2.55
Slope z=-11.56 Slope 2=-12.83 Slope 2=-10.37
p<0.001 p<0.001 p<0.001
=-0.43 $=-0.33
Quadratic z=-4.13 Qunadratic n.s. Qunadratic 2=-3.24
p<0.001 p<0.05
beforeT3 vs. beforeT2 beforeT4 vs. beforeT2
Intercept n.s. Intercept n.s.
Slope n.s. Slope n.s.
Qunadratic n.s. Qunadratic n.s.
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beforeT4 vs. beforeT3

Intercept n.s.
Slope n.s.
Quadratic n.s.

b. Target T2
beforeT?2 vs. beforeT1 beforeT3 vs. beforeT1 beforeT4 vs. beforeT1
p=-0.43
Intercept n.s. Intercept n.s. Intercept 2=-3.77
p<0.01
p=-1.58 $=-0.98 p=-1.19
Slope 2=-8.17 Stope 2z=-5.04 Stope z=-6.12
p<0.001 p<0.001 p<0.001
B=-0.45 B=-0.48 B=-0.24
Quadratic 2=-6.32 Quadratic 2=-6.42 Quadratic 2=-3.28
p<0.001 p<0.001 p<0.05
beforeT3 vs. beforeT2 beforeT4 vs. beforeT2
p=0.32
Intercept 2=3.29 Intercept n.s.
p<0.05
3=0.60
Stope z=3.06 Stope n.s.
p<0.05
Quadratic n.s. Quadratic n.s.
beforeT4 vs. beforeT3
=-0.53
Intercept z=-5.38
p<0.001
Slope n.s.
B=0.24
Quadratic z=3.22
p<0.05
¢. Target T3

beforeT?2 vs. beforeT1

beforeT3 vs. beforeT1

beforeT4 vs. beforeT1

Intercept B=-1.04 Intercept n.s. Intercept B=-0.95
7z=-6.66 z=-6.25
p<0.001 p<0.001

Slope  B=-2.54 Slope  p=-0.88 Slope  B=-2.16
z=-8.71 z=-3.04 z=-7.47
p<0.001 p<0.05 p<0.001

Quadratic B=-0.66 Qunadratic B=-0.95 Qunadratic B=-0.64
z=-5.37 z=-7.82 z=-5.37
p<0.001 p<0.001 p<0.001
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beforeT3 vs. beforeT2
Intercept  B=1.47
7z=9.29
p<0.001

beforeT4 vs. beforeT2
Intercept n.s.

Stope B=1.66
7z=5.69
p<0.001

Stope n.s.

Quadratic n.s.

Quadratic n.s.

beforeT4 vs. beforeT3
Intercept B=-1.39

z=-8.84
p<0.001
Stope p=-1.28
z=-4.42
p<0.001
Qunadratic n.s.
d. Target T4
beforeT?2 vs. beforeT1 beforeT3 vs. beforeT1 beforeT4 vs. beforeT1
p=-0.53 B=-0.48
Intercept 2z=-19.64 Intercept n.s. Intercept 2z=-16.03
p<0.001 p<0.001
p=-2.02 p=-2.18 p=-2.03
Slope z=-21.61 Slope 2=-23.99 Slope 2=-22.25
p<0.001 p<0.001 p<0.001
3=-0.40
Quadratic n.s. Quadratic z=-4.31 Quadratic n.s.
p<0.001
beforeT3 vs. beforeT2 beforeT4 vs. beforeT2
B=0.52
Intercept 2=19.84 Intercept n.s.
p<0.001
Slope n.s. Slope n.s.
Quadratic n.s. Quadratic n.s.
beforeT4 vs. beforeT3
B=-0.46
Intercept z=-18.07
p<0.001
Slope n.s.
Quadratic n.s.
3.3.1.1 T1Tx

As shown in Figure 3.24, the first T1 remains as a low-falling tone except when it is
followed by another T1, in which case, it surfaces with a rising /0 contour. This difference
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was statistically significant, as supported by results in Table 3.24, where the /0 contour of
T1 before another T1 showed a significant difference from that before the other tones.
(See significant statistical results of target T1 beforeT2 vs. beforeT1, beforeT3 vs.
beforeT'l, and beforeT4 vs. beforeT1.) For T1 before T2, T3, and T4, however, we did not
see any significant difference. (See the lack of significant results of target T1 beforeT3 vs.
beforeT2, beforeT4 vs. beforeT2, and beforeT4 vs. beforeT3.)

33.1.2T2Tx

Figure 3.26 shows that, the first T2 remains a high-rising tone regardless of the identity of
the following tone. There are, however, some subtle differences restricted to two contexts,
i.e., before T1 and T3.

Before T1, there was a slight yet consistent /0 rise towards the end of the tone-
bearing syllable compared to that before the other three tones, confirmed by the significant
statistical results in the slope and quadratic components in Table 3.25. (See target T2
beforeT?2 vs. beforeT1, beforeT3 vs. beforeT1, beforeT4 vs. beforeT1.) The raising effect
before T1 on T2 was somehow different from the raising effect of T3 on T2. When
followed by a T3, there was an overall raising effect of the whole /) mean contour, which
was supported by the significant results in the intercept. (See target T2 beforeT3 vs.
beforeT2 and beforeT4 vs. beforeT3.) In addition, there were some slight and less
consistent contour differences when T2 was followed by T3, compared to that followed by
T2 and T4 (reflected in the significant results of slope in target T2 beforeT3 vs. beforeT?2
and quadratic component in target T2 beforeT4 vs. beforeT3). There was no significant
difference in the f0 contours of T2 beforeT?2 vs. beforeT4.

33.1.3T3Tx

Figure 3.2¢ shows that the target T3 varies greatly as a function of the following tones,
which again were restricted mainly to two contexts, i.e., before T1 and T3. Before T1, there
was a consistently greater f0 rise compared to that before the other three tones, as
confirmed by the significant results in the slope and quadratic components in Table 3.2
(See target T3 beforeT2 vs. beforeT1, beforeT3 vs. beforeT1, beforeT4 vs. beforeT'1.) This
is different from the general T3 raising effect before another T3, which was mainly
confirmed by the significant intercept differences. (See target T3 beforeT3 vs. beforeT2
and beforeT4 vs. beforeT3.) This T3 raising effect is similar to what we have observed for
the raising effect of T3 on the preceding target T2, but with a much greater magnitude. In
addition, probably due to the slightly falling /0 before T2 and T4, we also observed a
significant difference in the slope. (See again target T3 beforeT3 vs. beforeT2, beforeT4 vs.
beforeT3.)
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3.3.1.4 T4Tx

Figure 3.2d shows that the variation of T4 was also restricted to the two following tonal
contexts, i.e., T1 and T3, as observed for targets T2 and T3 earlier. T1 again, introduced a
significantly greater f0 rise on its preceding T4 in terms of significant slope differences
shown in Table 3.24, in addition to the less consistent intercept and quadratic differences.
(See target T4 beforeT2 vs. beforeT1, beforeT3 vs. beforeT1, beforeT4 vs. beforeT1.)
Before T3, T4 showed a more general overall 0 raising effect, as indicated by the
significantly different intercepts. (See target T4 beforeT3 vs. beforeT2 and beforeT4 vs.
beforeT3.) There was no significant difference in the /0 contours of T4 before T2 vs. T4.

3.3.2. Discussion

Within disyllabic tonal sequences, we have observed a range of variation in the f0
realization of four lexical tones due to different following tones. The results were
summarized in Table 3.3, where within a disyllabic tonal sequence, the first tone was
affected in terms of both the overall ) mean as well as the 0 contour shape.

Table 3.3 Summary of variability in the first tone due to different following tones.

2nd Tone
1xTone Tl T2 T3 T4
Low Falling High Rising Low Dipping High Falling
T1 Great:
A reaet No Effect No Effect No Effect
Low Falling /0 Rise
2 Slightly raised
T Greater No Effect gaty raise No Effect
High Rising /0 Rise overall ) contour
Greatly raised
3
L ; . Gre;jter No Effect overall ) contour; No Effect
OW LIPPIng O Rise Small /0 rise
4 lightly rais
o Greater No Effect Slightly raised No Effect
High Falling /0 Rise overall ) contour

With regard to the overall ) mean, all tones (except T1) were significantly raised by
the following T3 compared to those preceding other tones. It is important to note that the
raising over T3 was significantly greater than that over T2 and T4. In terms of fU contour
change, what we observed was the consistent /0 rise over all lexical tones that preceded T1.
Their magnitudes of /0 rise were fairly comparable regardless of the identity of the target
tones.

As introduced eatlier, there is consensus in the literature that T1T1, T4T1, and T3T3
undergo tone sandhi changes (e.g., Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987,
Chen, 2000; J. Wang, 2002; Ma & Jia, 2006; Hyman, 2007). T4T3 has been reported to
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involve anticipatory tonal coarticulation (Zhang & Liu, 2011). Furthermore, it has been
proposed in the literature that T3T2, T3T4 and T4T4 also involve tone sandhi (see Wee et
al., 2005; Zhang & Liu, 2011 for T3T2 and T3T4 sandhi; see Li & Liu, 1985; Hung, 1987;
Tan, 1987; Zhang, 1987; Chen, 2000; J. Wang, 2002; Ma & Jia, 2006; Hyman, 2007 for
T4T4 sandhi). Our results showed that there was no significant tonal alternation in T3T2,
T3T4, and T4T4, raising questions to the application of tone sandhi over these sequences.
Instead, we observed a clear /0 contour raising effect of T'1 on T2 and T3 (Figures 3.2/ and
3.2¢) as well as a general raising effect of T3 on T2 (Figure 3.24), which have never been
reported in the literature either as a tone sandhi change or as contextual tonal
coarticulation.

Traditionally, tone sandhi in Tianjin Mandarin has always been characterized as the
categorical change of one lexical tone to another within the lexical tone inventory (e.g., Li
& Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000; J. Wang, 2002; Ma & Jia,
2006; Hyman, 2007). With the three tonal sequences that have been claimed to undergo
tone sandhi (i.e., T1T1, T4T1, T3T3), which did show contextual tonal variation in our
data, we further examined whether they involved categorical sandhi changes into
T2/T3T1, T2T1 and T2T3, respectively. Our approach was to compare the f0 contours of
the three sandhi sequences to the fU realization of their respective targeted outputs claimed
in the literatutre (i.e., T1'T1 vs. T2/T3T1, T4T1 vs. T2T1 and T3T3 vs. T2T3).

Plotted in Figure 3.3 are the /0 contours of the three sandhi sequences (in dark gray)
against the f0 contours of their respective claimed targeted outputs (in light gray).
Specifically, T1T1 (against T2/T3T1) is shown in Figure 3.34, T4T1 (against T2T1) in
Figure 3.35, and T3T3 (against T2T3) in Figure 3.3¢. Statistical results of their planned
comparisons were summarized in Table 3.4.

Figure 3.3 shows that all the three tonal sequences were produced significantly
differently from their claimed targeted outputs, as confirmed by significant statistical
results in Table 3.4. Our results thus confirmed the non-neutralization in the three
disyllabic tonal sequences as found in Zhang and Liu (2011). Apparently, tonal
neutralization cannot be the criterion of what constitutes tone sandhi. The question is then
what differentiates tone sandhi from phonetic tonal coarticulation?

Generally speaking, phonetic coarticulation caused by the following tone should not
affect the distinctiveness of a lexical tonal contour (e.g., Gandour et al., 1994; Xu, 1997), so
that its characteristic /U contour can still be expected to accord with its canonical tonal
shape. A phonological tone sandhi alternation, however, usually brings about major
changes in the f0 contour of a lexical tone so that its surface /) may be unpredictable from
the characteristics of the canonical tonal /0 contour. Among the seven disyllabic cases that
exhibited a statistically significant amount of tonal variance as shown in Table 3.3, both
falling tones T1 and T4 were realized with rising /U contours due to the contour raising
effect triggered by the following T1 (i.e., in T1T1 and T4T1); the low-dipping T3 was
realized with a high /0 register due to the general raising effect from the following T3 (i.e.,
in T3T3). These altered fU realizations were unpredictable from its canonical low tones, and
therefore seemed justified to be categorized as tone sandhi. In the other four cases, i.e.,
T3T1, T2T1, T2T3, T4T3, however, the f0 realization of the first tone was rather
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recognizable despite variation due to the following tone. It is not clear therefore whether a

sandhi rule is necessary for these four cases.
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Figure 3.3 f0 realization of the three confirmed disyllabic sandhi patterns. Thick white lines indicate the
mean JO of the disyllabic sandhi sequences (dark gray areas for £1 standard error of mean); black lines
indicate the mean f0 of the claimed targeted ountput (light gray areas for £1 standard error of mean).

Normalized time.

Table 3.4 Results of growth curve analyses for T1T1 vs. T2T1/T3T1, T4T1 vs. T2T1, T3T3 vs.
T2T3. Bolded items for tones under comparison.

T1T1 T4T1 T3T3
T3T1 vs. TIT1 T2T1 vs. TIT1 T4T1 vs. T2T1 T3T3 vs. T2T3
p=-0.41 p=0.22 p=0.71
Intercept t=-12.87 t=8.69 t=19.52 n.s
p<0.001 p<0.001 p<0.001
p=-1.02 p=0.25
Slope n.s. n.s t=-11.42 t=2.81
p<0.001 p<0.01
p=0.27 B=-0.48
Quadratic t=2.66 n.s t=-5.37 n.s
p<0.01 p<0.001

To summarize, we have confirmed three disyllabic tonal sequences to be tone sandhi
patterns as reported in the literature, i.e., T1T1, T4T1 and T3T3 (e.g., Li & Liu, 1985;
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Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000; J. Wang, 2002; Ma, 2005; Hyman, 2007).
We also found a significant anticipatory raising effect, though with minor modifications, on
T2 and T4 before T3, as well as a significant contour raising effect on T2 and T3 before T1.
All other tonal sequences were found to induce non-significant (probably perceptually
negligible) phonetic changes.

Note that even for the confirmed tone sandhi cases, it is clear that sandhi does not
involve categorical change of one lexical tone to another. The lack of tonal neutralization
makes it clear that tone sandhi in Tianjin Mandarin should not be characterized as the
categorical change of one lexical tone to another. Such a lack of categorical sandhi change
also raises serious doubts on the tonal variation patterns of trisyllabic constituents reported
in the literature.

3.4 Results & discussion II: Tonal variation in trisyllabic domain

In this section, we examined tonal variation in Tianjin Mandarin over trisyllabic domains.
We limited our attention to the three disyllabic sandhi processes confirmed so far and
investigated how these sandhi changes are applied in trisyllabic sequences. Each trisyllabic
sequence was compared to the targeted output pattern as claimed in the literature. Table
3.5 concludes all the sandhi-involved trisyllabic combinations discussed in the literature
based on the three disyllabic processes. (Some combinations might appear twice in this
table due to the fact that some disyllabic patterns are involved in more than one trisyllabic
combinations.) We separated our analyses according to the classification of simple vs.
complex tone sandhi contexts proposed in the literature. In the simple sandhi contexts, the
directionality of sandhi application was investigated whereas in the complex sandhi
contexts (bolded), we aimed to tap into the iterativity of sandhi application in addition to
the directionality.

Table 3.5 4/ trisyllabic tone sandhi combinations proposed in the literature involving T1T1, T4TT and
T3T3. The bold items are those possibly involving complex: tonal contexts.

T1T1 T4T1
Left-aligned Right-aligned Left-aligned Right-aligned
T1 TIT1T1 T4T1T1 T1T4T1
T2 TIT1T2 T2T1T1 T4T1T2 T2T4T1
T3 TIT1IT3 T3T1T1 T4T1T3 T3T4T1
T4 TIT1T4 T4T1T1 T4T1T4 T4T4T1
T3T3
Left-aligned Right-aligned
T1 T3T3T1 T1T3T3
T2 T3T3T2 T2T3T3
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Figure 3.4 Trisyllabic sandhi contexts containing TTT1. White thick lines indicate the mean f0 patterns
of the trisyllabic sandhi sequences (dark gray areas for X1 standard error of mean); black dotted lines
indicate the mean f0 patterns of the claimed targeted output containing T3T1 (light gray areas for £1
standard error of mean); black thick lines indicate the mean f0 patterns of the claimed targeted ontput
containing T2TT (light gray areas for £1 standard error of mean). Normalized time.

47



S
fO (z-score)
o

o
fO (z-score)
o

U
fO (z-score)
o - N

'
—_

-2

Figure 3.5 Trisyllabic sandhi contexts containing T4T1. White thick lines indicate the mean f0 patterns
of the trisyllabic sandhi sequences (dark gray areas for X1 standard error of mean) and black dotted lines
indicate the mean f0 patterns of the claimed targeted ontputs (light gray areas for X1 standard error of

T4T1Tx TxT4T1
T1T4T1 vs TIT2T1
2
1L T1T4T1
Q
o
ol |
&8 T1T2T1
e Kb:
-2
Normalized Time
T4T1T2 vs T2T1T2 T2T4T1 vs T2T2T1
_ 2
K T4T1T2 11 /
Q
\ 8 | T2T2T!
T2T1T2 J &
X o | T2T4Ti
L AL
-2
Normalized Time Normalized Time
T4T1T3 vs T2T1T3 T3T4T1 vs T3T2T1
_ 2
J4T1T3
L 1L
Q
: § 0 T3T4T1 '
(T2T1T3 Nk \
\ (<]
I —_— -1+ TaT2T
-2
Normalized Time Normalized Time
T4T1T4 vs T2T1T4 T4T4T1 vs T4T2T1
_ 2
T4T1T4 1L
\ T | T4T2Tt /
o
L A $ 0 _\
T2T1T4 ¥ N T4T4T1
o
L AL
-2

Normalized Time

mean). Normalized time.

48

Normalized Time



T3T3Tx

T3T3T1 vs T2T3T1

2. 2
1+ 1
o | T2T3T ) 2
a §0|———m" %0
& | T3T3M &
e e
AL -
_2 _2
Normalized Time
T3T3T2 vs T2T3T2
2r 2
_ 1 1ot 1
o [)
[e} ) o
b §on—" N\ 780
S | TaTaT2 \ __/ o
2| — e
-2 -2
Normalized Time
T3T3T4 vs T2T3T4
2. 2
1
& T2T3T4 =
[e} [o]
c FoNa" N g0
L) T3T3T4 )
e e
AL A
-2 -2

Normalized Time

o

L T1T2T3

TxT3T3

T1T3T3 vs TIT2T3

Normalized Time
T2T3T3 vs T2T2T3

T2T2T3
=N

Normalized Time
T4T3T3 vs T4T2T3

T4T2T3

TAT3T3

_~
P \ =

Normalized Time

Figure 3.6 Trisyllabic sandhi contexts containing T3T3. White thick lines indicate the mean f0 patterns
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Table 3.6 Results of growth curve analyses for T1T1Tx vs. TxT1T1. Bolded items for tones under

comparison.
TIT1Tx TxT1T1
TIT1T2 TIT1T2 T2T1T1 T2T1T1
V. VS, V. V.

T2T1T2 T3T1T2 T2T2T1 T2T3T1

p=0.93 B=0.56 p=-0.28

Intercept t=38.35 t=18.91 n.s t=-13.05
p<0.001 p<0.001 p<0.001
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p=1.78 B=1.73 B=0.36

Slope t=19.69 t=19.06 n.s. t=4.09
p<0.001 p<0.001 p<0.001
p=-0.21 $=0.29
Quadratic n.s n.s t=-2.36 t=3.26
p<0.05 p<0.01
TIT1T3 TIT1T3
vs. vs.
T2T1T3 T3T1T3
p$=1.05 p=0.47
Intercept t=21.10 t=10.87
p<0.001 p<0.001
p=2.48 p=2.63
Stope t=21.15 t=22.46
p<0.001 p<0.001
Quadratic n.s. n.s.
TIT1T4 TIT1T4
vs. vs.
T2T1T4 T3T1T4
$=0.91 B=0.50
Intercept t=206.35 t=11.53
p<0.001 p<0.001
p=1.77 B=2.04
Slope t=14.67 t=16.82
p<0.001 p<0.001
Quadratic n.s. n.s.

Table 3.7 Results of growth curve analyses for T4T1Tx vs. TxT4T1. Bolded items for tones under

comparison.

T4T1Tx TxT4T1
T1T4T1 vs. TIT2T1
Intercept p=0.25, t=7.71, p<0.001
Shpe B=0.48, t=4.83, p<0.001
Quadratic B=-0.25, t=-2.49, p<0.05
T4T1T2 vs. T2T1T2 T2T4T1 vs. T2T2T1
Intercept B=0.17, t=4.40, p<0.001 B=0.05, t=2.42, p<0.05
Shpe B=-2.05, t=-24.07, p<0.001 B=0.25, t=2.89, p<0.01
Qunadratic B=-0.31, t=-3.68, p<0.001 n.s.
T4T1T3 vs. T2T1T3 T3T4T1 vs. T3T2T1
Intercept n.s. B=0.30, t=3.48, p<0.01
Slope B=-3.00, t=-32.89, p<0.001 n.s.
Onadratic B=-0.33, t=-3.71, p<0.001 n.s.
T4T1T4 vs. T2T1T4 T4T4T1 vs. TAT2T1
Intercept B=0.71, t=17.13, p<0.001 n.s.
Slope B=-1.41, t=-12.88, p<0.001 ns.
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Quadratic B=-0.41, t=-3.77, p<0.001 B=-0.36, t=-4.25, p<0.001

Table 3.8 Results of growth curve analyses for T3T3Tx vs. TxT3T3. Bolded items for tones under

comparison.

T3T3Tx TXT3T3
T3T3T1 vs. T2T3T1 T1T3T3 vs. TIT2T3
Intercept n.s. B=-0.55, t=-11.47, p<0.001
Slope n.s. n.s.
Qunadratic n.s B=-0.19, t=-2.45, p<0.05
T3T3T2 vs. T2T3T2 T2T3T3 vs. T2T2T3
Intercept $=-0.09, t=-2.87, p<0.01 B=-0.07, t=-2.03, p<0.05
Slope B=-0.45, t=-5.98, p<0.001 B=0.33, t=4.54, p<0.001
Qunadratic B=0.42, t=5.54, p<0.001 n.s.
T3T3T4 vs. T2T3T4 T4T3T3 vs. T4T2T3
Intercept B=-0.29, t=-8.45, p<0.001 B=-0.14, t=-7.35, p<0.001
Slope B=-0.33, t=-3.57, p<0.001 ns.
Quadratic B=0.23, t=2.50, p<0.05 n.s.

3.4.1 Simple sandhi contexts

We set up the simple sandhi contexts as aligning a disyllabic sandhi tonal sequence either
to the left or right of a trisyllabic constituent, without involving potentially multiple
applications of tone sandhi. In Figures 3.4-3.6, the f contours of the trisyllabic sequences
(in dark gray) were compared to the fU realization of their respective sandhi targeted
outputs as claimed in the literature (in light gray). Note that those plotted on the left have
the sandhi contexts in the first two syllables (left-aligned); and those on the right have the
sandhi contexts in the last two syllables (right-aligned). Merged /0 contours are expected if
there is neutralization in tone sandhi. Again, for the case of T1T1, both T2T1 and T3T1
were included given that both possibilities have been proposed in the literature. The

statistical results were summarized in Tables 3.6-3.8.
3.4.0.1 T1T1Tx vs. TxT1T1

As shown in Figure 3.4, the application of T1T1 sandhi can only be observed when T1T1
is right aligned. However, the sandhi-T1 was not neutralized with either T3 or T2. The
non-neutralization pattern confirms what we have observed in disyllabic T1T1 tonal
sequences. Specifically, when T1T1 was left aligned (i.e., T1T1T2, T1T1T3, T1T1T4 in
Figures 3.4a-c, left column), the first T1 was clearly realized with a falling /0 contour, which
was the opposite of that of T2/T3, as confirmed by the significant differences in the slope
(see T1T1Tx in Table 3.6). When T1T1 was right aligned as in T2T1T1 (Figure 3.44, right),
the middle T1 was realized with a rising /0 contour, suggesting the application of tone
sandhi (Figure 3.32). However, the significant statistical results suggested no tonal
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neutralization between the middle T1 vs. its claimed output T2 or T3 (see T1T1Tx in
Table 3.6).

34.1.2 T4TTTx vs. TxT4T1

As shown in Figure 3.5, T4T1 also undergoes tone sandhi only when it is right aligned, as
observed eatlier for T1T1. Again, no tonal neutralization was confirmed between T4 and
its claimed output T2. Specifically, when T4T1 was left aligned (i.e., T4T1T2, T4T1T3,
T4T1T4 in Figures 3.54-, left column), tone sandhi could not have applied, given its falling
/0 contour. This was confirmed by the significant slope difference between T2 and T4 in all
the left-aligned cases (T4T1Tx in Table 3.7). When T4T1 was right aligned (i.e., T1T4T1,
T2T4T1, T3T4T1, T4T4T1 in Figure 3.54-d, right), the rising /0 contour over the T4-
bearing syllable suggested the application of tone sandhi (as comparable to that in disyllabic
sequences shown in Figure 3.35), but again no neutralization was confirmed. See significant
statistical results of the fU differences between TxT4T1 vs. TxT2T1, summarized in Table
3.7.

34.1.3 T3T3Tx vs. TxT3T3

Figure 3.6 displays the T3T3 sequence in the left-aligned contexts (T3T3T1, T3T3T2,
T3T3T4 in Figures 3.6a-c, left) and the right-aligned contexts (T1T3T3, T2T3T3, T4T3T3
in Figures 3.6a-, right). Note that T3T3T3 will be discussed in Section 4.2.1 due to its
potentially complex tone sandhi application. In both T3T3Tx and TxT3T3, the first T3
showed a rising /0 contour, suggesting the consistent application of the T3 sandhi, as
observed in disyllabic T3T3 sequence (Figure 3.3¢). However, sandhi-T3 showed significant
differences from T2 in all the other tonal contexts (see significant results in both T3T3Tx
and TxXT3T3 in Table 3.8), except for the sequence T3T3T1. This confirmed again the

general lack of complete neutralization in these tone sandhi cases.

3.4.2 Complex sandhi contexts

Four trisyllabic sequences have been claimed to involve potentially more complex sandhi
changes, due to the so-called iterative process of tone sandhi application (e.g., Chen, 2000).
Note that the iterative process of sandhi application stems from the assumption in the
literature that tone sandhi in Tianjin Mandarin involves the categorical change of one
lexical tone to another, which leads to iterative sandhi application due to a new sandhi
context resulting from the first round of sandhi application.

Given that T3T3 sandhi applies both when left aligned and right aligned, while T1T1
and T4T1 show sandhi change only when right aligned, we examined the possibilities listed
in Table 3.9, where the bolded cases have been reported in the literature. Our results
should shed light on two issues. One concerns the directionality of tone sandhi application
when both directions provide sandhi contexts. The other concerns iterative sandhi

application. For ease of exposition, we followed the sandhi rules claimed in the literature,
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and described the targeted outputs as results of the iterativity of sandhi application where
the intermediate step would create a new tone sandhi context (i.e., if tone sandhi indeed
involved categorical change of one lexical tone to another). Statistical results were shown in
Tables 3.10-3.12.

Table 3.9 Possible targeted ontputs of complex tonal contexts according to the literature.

From the left From the right
s nd
o G e
T3TITI No Sandhi (;“3103‘1;11‘1) (2:1;(;;(1)
T1T1T1 No Sandhi T1T3T1
T4T1T1 No Sandhi T4T3T1

34.2.1 T3T3T13

For the combination T3T3T3, both directions of sandhi application are possible.
According to the claimed rules in the literature, both T2T2T3 (from the left) and T3T2T3
(from the right) are possible outputs, where a chain effect is expected if the sandhi rule is
applied from the left edge through an intermediate stage T2T3T3. Figure 3.7 compares the
three possible outcomes (Figure 3.7 from left; Figure 3.7/ from right). As can be seen
from Figure 3.7, T3T3 sandhi was more likely to be applied from the left edge rather than
from the right.

a T3T3T3 vs T2T3T3 vs T2T2T3 b T3T3T3 vs T3T2T3
2, 2
1L T2T2T3 . 1L
S | otats__ =~ ® =
§ 0 N § 0 T3T3T3 N
¢ V=" ? V="
o |T3T3T3 \/ °
1t -1+ 137213
-2 -2
Normalized Time Normalized Time

Figure 3.7 The comparison of two possible directions of tone sandbi application in the sequence T3T3T3.
White thick lines indicate the mean [0 patterns of T3T3T3 in both graphs (dark gray areas for *1
standard error of mean) and black dotted lines indicate the mean fO patterns of the claimed targeted ontputs
with different directionalities (light gray areas for 1 standard error of mean). Graph a indicates the left-
initial direction and Graph b the right-initial direction. Normalized time.
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Table 3.10 Resuits of growth curve analyses for T3T3T3 vs. T2T313/T3T2T3/T2T2T3.

a. Left-Aligned b. Right-Aligned
T3T3T3 vs. T2T3T3 T3T3T3 vs. T3T2T3
1st Tone 1st Tone 20d Tone
p=0.21 $=0.38 =0.85
Intercept t=4.97 t=06.89 t=20.06
p<0.001 p<0.001 p<0.001
$=0.39 3=-0.99
Slope n.s. t=2.53 t=-11.61
p<0.05 p<0.001
Quadratic n.s. n.s. n.s.
T3T3T3 vs. T2T2T3
1st Tone 20d Tone
p=-0.12 B=0.47
Intercept t=-4.38 t=7.88
p<0.001 p<0.001
p=-0.23 B=0.52
Slope t=-2.49 t=6.26
p<0.05 p<0.001
Quadratic n.s. n.s.

For the left-aligned sandhi application possibilities (Figure 3.74), T3T3T3 was similar
to both T2T3T3 and T2T2T3, but was not completely neutralized with either. T3T3T3 and
T2T3T3 were significantly different in terms of the mean f0 of the first tone. (See
significant results for T3T3T3 vs. T2T3T3 in Table 3.104.) T3T3T3 and T2T2T3 differed
even more. There were significant differences in the overall ) mean and slope of both the
first and second tones. (See significant results for T3T3T3 vs. T2T2T3 in Table 3.104.)
However, given the similarity of the contour shapes, it is likely that the second T3 changed
to T2 in T3T3T3, although it is difficult to pin down that there was sandhi application over
the second T3 given that the two contours were nevertheless quite different.

Turning to the right-aligned sandhi possibility (Figure 3.74), T3T3T3 and T3T2T3
were significantly different in the overall ) mean and the slope for both the first and
second tones. (See significant results of the intercept for T3T3T3 vs. T3T2T3 in Table
3.104.) The significant and salient f0 differences between the two tonal sequences suggest
that T3 sandhi was unlikely to be applied from the right edge.

34.2.2T3T1T1

For T3T1T1, the literature has claimed iterative sandhi application initiated from the right
edge through an intermediate stage T3T3T1 which in turn changes to T2T3T1, as shown
in the second line of Table 3.9. In Figure 3.8, the surface f0 pattern of T3T1T1 was
compared to that of both potential outputs.
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Figure 3.8 The comparison of the sequences T3T1T1, T3T3T1 and T2T3T1. White thick lines

indicate the mean f0 patterns of T3T1T1 (dark gray areas for 1 standard error of mean), black thick
lines indicate the mean [0 patterns of T3T3T1 (light gray areas for £1 standard error of mean), black
dotted lines indicate the mean fO patterns of T2T3T1 (light gray areas for 1 standard error of mean).

Normalized time.

Table 3.11 Resuits of growth curve analyses for T3T1T1 vs. T3T3T1/T2T3T1.

a. Left-Aligned b. Right-Aligned
T3T1T1 vs. T3T3T1 T3T1T1 vs. T2T3T1
1st Tone 20dTone 1st Tone 20d Tone
B=0.46 p=-0.72 p=0.24
Intercept n.s. t=14.32 t=-20.30 t=11.48
p<0.001 p<0.001 p<0.001
$=0.98 p=-1.20 p=-0.94 p=-1.12
Slope t=7.00 t=-14.39 t=-6.70 t=-13.23
p<0.001 p<0.001 p<0.001 p<0.001
B=0.30
Qunadratic n.s. n.s. n.s. t=3.55
p<0.001

First, in Figure 3.8, the first T3 in T3T1T1 was realized with a low-falling contour,
which was significantly different from the rising f0 over T2 or T3. (See significant results in
the slopes of the first tone for T3T1T1 vs. T3T3T1 and T3T1T1 vs. T2T3T1 in Table
3.11.) Second, the middle tone in T3T1T1 was realized with a rising /0 contour, which
indicates the application of tone sandhi here (compared to Figure 3.32). However, the
middle T1 was not fully neutralized with the claimed output T3 in either T3T3T1 or
T2T3T1. (See significant results for T3T1T1 vs. T3T3T1 and T3T1T1 vs. T2T3T1 in
Table 3.11.) This suggests one-step tone sandhi from the right edge for T3T1T1, without

any chain effect.
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3423 TITIT1 & T4T1T1

For both T1T1T1 and T4T1T1, only one-step sandhi application from the right edge has
been proposed in the literature. Figure 3.9 illustrates f0 realization of the two sequences,
compared to their respective claimed outputs T1T3T1 (Figure 3.94) and T4T3T1 (Figure
3.9b).

a TIT1T1 vs TIT3T1 b T4T1T1 vs T4T3T1
2. 2.
1] . 1 \
T \ ° T4T3TH
501 T1TaTH / \ B o \
(7] F L
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S \ S| T
TETITIT 1t
-2 -2
Normalized Time Normalized Time

Figure 3.9 Comparison of sequences TIT1TT vs TIT3TT and T4T1T1 vs T4T3T1. White thick
lines indicate the mean f0 of the trisyllabic sandhi sequences (dark gray areas for £1 standard error of
mean) and black dotted lines for the mean JO of the claimed targeted ontputs (light gray areas for £1
standard error of mean). Normalized time.

Table 3.12 Results of growth curve analyses for TITI1T1 vs. T1IT3T1 and T4T1T1 vs. T4T3T1.

Bolded items for tones under comparison.

T1T1T1 vs. TIT3T1 T4TIT1 vs. TAT3T1
Intercept B=-0.40, t=-14.23, p<0.001 B=-0.96, t=-16.26, p<0.001
Slope B=-0.62, t=-6.77, p<0.001 B=-0.54, t=-7.04, p<0.001
Quadratic n.s. n.s.

In both cases, sandhi application from the right edge was confirmed, again with no
complete neutralization involved. Figure 3.94 shows that the middle T1 was realized with a
rising /0, suggesting the application of T1T1 tone sandhi from the right edge of the
trisyllabic constituent. However, it was still not neutralized with its claimed targeted output
T3, as suggested by the significant differences between the middle T1 and T3. (See
significant results for T1T1T1 vs. T1T3T1 in Table 3.12.) Similarly, tone sandhi in T4T1T1
also seemed to be applied from the right edge (Figure 3.94), without complete tonal
neutralization. (See significant results for T4T1T1 vs. T4T3T1 in Table 3.12.)

3.4.3 Discussion

For trisyllabic sequences, we were interested in the issue of directionality and iterativity of
tone sandhi application. We separated our data into two sets. One concerns directionality

of tone sandhi application in simple contexts where only one round of sandhi application is
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possible. We varied the position of the sandhi sequences, either to the left or to the right
edge of a trisyllabic tone sequence. What has been claimed in the literature is that in such
contexts, tone sandhi in Tianjin Mandarin applies consistently regardless of the positional
alignment of the tonal sequences (e.g., Li & Liu, 1985; Chen, 2000; Ma, 2005; Wee et al.,
2005). Our results, however, did not support this observation. Our data showed that tone
sandhi application over T1T1 and T4T1 sequences was only possible when these disyllabic
sequences were aligned to the right edge of a trisyllabic constituent; while the T3T3
sequence triggered consistent application of sandhi changes regardless of its position
within a trisyllabic utterance.

Our second set of data examined complex sandhi contexts, where the literature has
claimed both different directionalities of sandhi application as well as iterative sandhi
processes due to the derived sandhi context (i.e., after an initial sandhi application process
over the sequence). Two findings are to be noted. One is that we indeed found directional
constraints on sandhi application. For T3T3T3 sequences, we observed only left-initiated
tone sandhi application, in sharp contrast with the flexibility of T3 sandhi in the simple
sandhi contexts. For the T1T1 and T4T1 sequences, we confirmed our observation in the
simple contexts where tone sandhi was found to apply only when they were right aligned.

The non-neutralization of sandhi application was further confirmed in our trisyllabic
data. We have shown that the f0 realization of most trisyllabic sandhi combinations was
significantly different from the claimed targeted outputs. If categorical change of one
lexical tone to another was truly involved in tone sandhi, we would have expected all
trisyllabic tone sandhi sequences to be realized exactly as the claimed targeted outputs.
This, however, was not borne out. Furthermore, no iterativity of sandhi application was
observed in our data. This lends further evidence to the argument that tone sandhi does
not involve the categorical change of one lexical tone to another, which otherwise could

have created a newly-derived sandhi context for another round of sandhi application.
3.5 General discussion and conclusion

This study illustrated the rich layers of lexical tone variability induced by different local
contextual tonal variation processes, with empirical evidence from Tianjin Mandarin. Two
specific questions have been addressed concerning the received wisdom of tonal variation
in Tianjin Mandarin: (1) How does the /0 realization of a lexical tone vary as a function of
different following tones within a disyllabic domain? (2) How are the disyllabic tone sandhi
patterns realized in trisyllabic sequences?

3.5.1 Tonal variation in disyllabic domain

With regard to disyllabic sequences, we aimed to fully understand the various patterns of /0
deviation due to different contextual tonal variation processes, namely tonal anticipatory
coarticulation and tone sandhi. To this end, we investigated all possible combinations of
the four lexical tones in the language. In particular, we zoomed into the effect of the

following tones (on the second syllable) on the /U realization of the preceding tone (on the
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first syllable), because this is a comparable context to examine both tonal coarticulation
and tone sandhi as Tianjin Mandarin shows right-dominant tone sandhi patterns.

With the technique of Growth Curve Analysis (GCA), we were able to objectively
quantify whether and how f0 contours differ from each other in terms of the overall /0
means, the general /0 direction and the /0 contour shape, as a function of the following
lexical tones. GCA with linear mixed-effects modelling also helped to take better care of
not only the time-varying nature of f contours but also variation due to individual
participants. The methodology thus enabled us to better observe the fU variation and gain
further understanding of the different sources of f0 variation.

Two patterns emerged from the data, as summarized in Table 3.13. The first is that
all significant /0 variation observed over the first tone is triggered by a low-register lexical
tone in Tianjin Mandarin (i.e., T1 or T3). T1 induces a consistent contour raising effect,
while T3 exerts a more general raising effect on the preceding tones (except for T1
followed by T3). This in part confirms the findings of Zhang and Liu (2011), which only
examined however the anticipatory tonal coarticulation in T1T3, T2T3, T4T3, and T2T1,
and reported a significant raising effect only in T4T3. Our study, with all tonal
combinations included and more powerful statistical analyses, showed that there was also a
subtle but significant raising effect in T2T1, T3T1 and T2T3.

The question that arises is why both T1 and T3 tend to raise the preceding lexical
tones? Within the Sinitic family, Xu (1997) reported a rather subtle anticipatory raising
effect due to the low onset of the following tone, with data from Standard Chinese. In the
case of Tianjin Mandarin, though a closely related Mandarin dialect, the raising effect
seems to be dialect-specific. T1 and T2 are not that different in terms of their initial /0
height. If anticipatory raising was purely phonetic due to the onset f0 value of the following
tone, we should have observed similar anticipatory raising effects. Our results, however,
showed that they behaved completely differently in their effects on preceding tones. It is
probably the tonal register (i.e., the low register in T1 and T3) that has played a role in
conditioning anticipatory raising, suggesting the possibility of phonologically-conditioned
anticipatory raising effects. It is to be noted that significant anticipatory effects have also
been reported for Malaysian Hokkien (Chang & Hsieh, 2012), where carryover and
anticipatory tonal coarticulation show similar magnitude due to the final prominence of the
following syllable. These language-specific patterns contribute to the typology of
contextual tonal variation, with data that challenge the general asymmetrical effects of tonal
coarticulation (with greater carryover effects than anticipatory effects) observed in the
literature (see Chen, 2012 for a review).

Second, we observed that for the sequences T1T1, T4T1 and T3T3, they either
changed the f0 trajectory (in the case of T1T1 and T4T1) or substantially raised the overall
/0 register (in the case of T3T3), which indeed seem appropriate to be characterized as due
to tonal sandhi (as claimed in the literature). For the other four sequences (i.e., T2T1,
T3T1, T2T3, T4T3), the lexical tones were realized with an /0 contour that actually
resembles the canonical realizations of the tones despite significant /) deviation. Therefore
it is not clear whether tone sandhi has been applied or whether they are better accounted

for as anticipatory tonal coarticulation.
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Table 3.13 Summary of the contexts and tonal variability type of first tone within a disyllabic

constituents.
20d Tone
1st Tone Low Register High Register
T1 T3 T2 T4

Low T1 Sandhi Rising No Effect No Effect No Effect
Register T3 Anticipatory Rising Sandhi Raising No Effect No Effect

High T2 Anticipatory Rising Anticipatory Raising No Effect No Effect
Register T4 Sandhi Rising Anticipatory Raising No Effect No Effect

Previous impressionistic studies have claimed that T4T4 also undergoes sandhi
change to T1T4 (e.g., Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000; J.
Wang, 2002; Ma, 2005; Hyman, 2007). Our data, however, did not show any significant /0
variation over T4 due to the following T4. If T4T4 underwent sandhi change, the first T4
should have surfaced with a low-register falling /0. On the contrary, Figure 3.24 shows that
the first T4 in T4T4 was realized with a high-register falling contour, similar to the T4 in
T4T2 and T4T3. This is consistent with findings in recent studies (e.g., Liu & Gao, 2003;
Zhang & Liu, 2011), which argued that the T4T4 sandhi process has become “obsolete”,
possibly due to the influence from Standard Chinese, where there is no tone sandhi over
the T4T4 sequence.

When followed by T2 or T4, T3 was realized with a low-falling contour, resembling
the canonical realization of T1 in isolation. This has led to the claim that T3T2 and T3T4
also involve tone sandhi change into the lexical T1 (e.g., Wee et al., 2005) or into a half T3
(Zhang & Liu, 2011).> Ma and Jia (2006) showed that listeners could reliably distinguish
T3T2 from T1T2 and T3T4 from T1T4. Moreover, it is important to note that in our data,
neither T2 nor T4 seems to introduce any anticipatory effect on its preceding tones unlike
as observed for T1 and T3. We thus adopt the view that the half-realized T3 is due to tonal
reduction in connected speech, which seems to be a more general phonetic reduction of
dipping tone in connected speech as is also evident in Standard Chinese. However, as
pointed out by one reviewer, we cannot rule out the possibility that tonal reduction is
phonologized and should be classified as tone sandhi, as proposed in Zhang and Liu
(2011).

There have been some attempts in the last decades to establish objective criteria to
distinguish between tone sandhi and tonal coarticulation. Shen (1992) proposes a three-way
distinction between the two types of tonal variation. 1) Tone sandhi is constrained by
language-specific morphophonemics, while tonal coarticulation is a language-independent
mechanism. 2) Tone sandhi is either assimilatory or dissimilatory, while tonal coarticulation
is only assimilatory. 3) Tone sandhi involves tonal identity change from one tone to
another while the tonal identity is maintained in tonal coarticulation. None of these criteria,

however, really succeeded in differentiating the two processes, as also discussed in Chen

3 The falling contour of T3 is also comparable to the half low tone realization in Standard Mandarin
(Chao, 1968), where the final rise of the dipping T3 is always absent in non-prepausal positions (but
present when followed by a neutral tone as discussed in details in Chen & Xu, 2006 and Prom-on,
Liu & Xu, 2012).
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(2000). First, tone sandhi and tonal coarticulation could both be affected by
morphophonemics as suggested in Wu (1985). Second, cross-linguistic evidence has shown
that tonal coarticulation could be either assimilatory or dissimilatory (e.g., Gandour, et al.,
1994 for Thai; Xu, 1997 for Beijing Mandarin; Zhang & Liu, 2011 for Tianjin Mandarin;
Chang & Hsieh, 2012 for Malaysian Hokkien). Third, tone sandhi does not always involve
tonal identity change. For example, in the T1T1 sequence, our results show that the first
T1 is clearly not changed from T1 to T3 as claimed in the literature, but the magnitude of
the change suggests the possibility of phonologization of such an anticipatory raising
effect. These observations led to the proposition in Chen (2000) that there is actually “no
essential difference” between the two processes.

As the boundary between tone sandhi and tonal coarticulation is not straightforward
and proves difficult to establish, this makes it even more important for us to first
objectively observe the patterns of /U variation as we have done in the current study.
Without this, any discussion over the difference between these two variation types is
doomed to be without foundation.

Through the extensive comparisons of the full dataset with all four lexical tones in
both the first and second syllables, we can see that the raising effects due to T3 and T1
indeed need to be further differentiated. The T3 category across Mandarin dialects is
known for its sandhi process over a T3T3 sequence, regardless of the specific /Ul contour of
the lexical tone category (Shih, 1986). This process has been proposed to date back to the
16% century (Mei, 1977; also see discussion in Zhang, 2010). As for T1T1 and T4T1, a
significant raising effect was observed, which is in contrast to the more subtle raising effect
of T1 over T2T1 and T3T1. We believe that this difference is related to the saliency of
cues for f0 raising before T1. In the case of two falling tones, i.e., T1 and T4, the raising
effect can be effectively implemented, which probably led to an enhanced realization of /0
raising and consequently a phonologized contextual tonal change; while in the case of T2
and T3, both with a rising /0 contour in the canonical f0 shape, there is no further room to
signal the raising due to T1, which therefore remains a more subtle coarticulatory effect.

The raising effects due to T3 and T1 can be further teased apart in terms of how
closely the sandhi outputs resemble a lexical tone in the native system. T3T3 is a near-
merger (following Yu, 2007), in that the derived T3 sandhi realization shows an almost
merged /0 pattern to that of a lexical high-register rising tone, i.e., T2T3. This explains why
in the literature T3T3 is described as changing into T2T3. T1T1 and T4T1, however, are
clearly no-mergers. Their derived sandhi outputs are clearly different from any of the
lexical tones in the system, in contradiction to the claim that they change to T3/T2T1 and
T2T1 respectively. Our study, thus far, is the first to illuminate this distinction. An
interesting question that is currently addressed in a perception study is how such different
patterns of tone sandhi affect the way lexical tones are processed in online speech

recognition.
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3.5.2 Tonal variation in trisyllabic domain

Our disyllabic data established firmly that tone sandhi in Tianjin Mandarin should not be
characterized as the categorical change of one lexical tone to another, confirming earlier
findings in Zhang and Liu (2011) and Li and Chen (2012). This finding also led to the
absolute necessity of further investigation on trisyllabic tone sandhi patterns in Tianjin
Mandarin, which have raised numerous critical issues in the theoretical treatment of tone
sandhi in general (e.g., Chen, 2000). Our approach was to first investigate the empirical
foundation of the reported complexity in Tianjin Mandarin tone sandhi over trisyllabic
sequences. To this end, we have analyzed the /0 realization of trisyllabic tonal combinations
with two more specific goals in mind.

The first was on the directionality of sandhi application in simple tonal contexts with
only one disyllabic sequence involving potential tone sandhi. The three tone sandhi
sequences (i.e., T1T1, T4T1, and T3T3) were embedded in trisyllabic constituents, either
left-aligned (e.g., T1T1Tx) or right-aligned (e.g., TXT1T1). Different from the claims in the
literature, we observed that while T3T3 sandhi applied in either direction, T1T1 and T4T1
surfaced with their predicted sandhi /0 contours only when they were right aligned. This is
the very first experimental finding on Tianjin trisyllabic tone sandhi. Our finding therefore
greatly simplifies the hitherto claimed complex directionality of tone sandhi in Tianjin
Mandatin.

Our second goal was to examine further the claimed iterativity of sandhi application,
which refers to the application of tone sandhi over derived sandhi contexts due to an
eatlier round of tone sandhi application. Specifically, we examined the fU contours of the
underlying sequences of T3T3T3, T3T1T1, T1T1T1, and T4T1T1. Interestingly, we
noticed a further directionality restriction over T3T3T3 sequence where T3 sandhi seemed
to only apply from the left edge, resulting in the ambiguity between T3gnanI3T3 and
T3andhi T 3sandniT3. Either pattern, however, does not have to involve iterative sandhi
application. Furthermore, no iterativity of sandhi application in T3T1T1 was found, even
though it has been claimed in the literature that the change of T1T1 to T3T1 creates an
intermediate stage T3T3T1 which triggers a further sandhi change into T2T3T1. For the
other two tonal sequences concerning T1T1 (e, TIT1T1 and T4T1T1), our data only
showed one-step tone sandhi application from the right-aligned disyllabic sequences. In
short, no iterative sandhi application can be confirmed in our data.

Taking together both disyllabic and trisyllabic data, we have observed two types of
tone sandhi in Tianjin Mandarin, as summarized in Table 3.14. T3T3 is a near-merge case.
Its sandhi output T3gnanI3 shows an almost merged /0 contour with the lexical tonal
sequence of T2T3. In a simple trisyllabic sandhi context, this sandhi process can occur
from either direction regardless of its alignment within the constituent. However, in a
complex trisyllabic sandhi context, T3T3 surfaces with a pattern that suggests only left-
aligned sandhi application, resulting in an f0 contour that can be characterized as
T3andni I3T3 or T3gndhiT3sandniT3. T1T1 and T4T1 can be classified as no-mergers, given
that their sandhi realizations do not resemble the ) contours of any of the lexical tones in
the language. In contrast to T3T3, tone sandhi in T1T1 and T4T1 is applied only when the
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disyllabic sequence is right aligned regardless of whether the embedding trisyllabic
constituent provides a simple or complex sandhi context. No iterativity of sandhi

application was observed in any of these tonal sequences.

Table 3.14 Summary of two types of tone sandhi in Tianjin Mandarin.

Sandhi Variation Directionality of Trisyllabic Sandhi
of Disyllabic Sandhi Simple Contexts Complex Contexts
T3T3 Near-Merger From both directions From the left edge
T No-Merger From the right edge
T4T1 No-Merger “

This study therefore provides a substantial amount of experimental data that greatly
simplify the complex and paradoxical tone sandhi patterns reported in the literature (e.g.,
Li & Liu, 1985; Hung, 1987; Tan, 1987; Zhang, 1987; Chen, 2000; J. Wang, 2002; Ma,
2005; Wee et al.,, 2005; Zhang & Liu, 2011). We believe that our findings are not only of
major empirical significance, but will also contribute to the further development of theories
of tonal variation in general, as any good theory needs to be based upon solid empirical
evidence. A cautionary note is that our data are representative of speakers born in the
1980s. It is possible that those tone sandhi patterns claimed in the literature can only be
observed in older speakers, which then requires relevant experimental data in the future. If
any generational difference is verified, it would be important to investigate the mechanisms
that explain the changing sandhi patterns observed in old vs. young Tianjin Mandarin
speakers as well as the implication of such tonal change mechanisms for language

evolution in general.
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CHAPTER 4 TONAL VARIABILITY ON THE PERCEPTION OF
LEXICAL TONES - EVIDENCE FROM EYE MOVEMENT$*

4.1 Introduction

Among all languages in the world, 60-70% of them have lexical tones (Yip, 2002), where
pitch changes over a word, together with other acoustic cues, signal lexical contrasts. In
many tonal languages, tones are primarily signaled via different f0 patterns (Gandour, 1978,
but see e.g., Andruski, 2006; Brunelle, 2009b for the effect of phonation types on tonal
contrasts). A handful of studies have revealed that native speakers of tone languages utilize
various types of fU cues to identify lexical tones, such as the overall height of /U contour
(e.g.,, Lin & Repp, 1989; Shen et al, 1993; Francis et al., 2003; Shen et al.,, 2013), the
direction of fU change (e.g., Fox & Qi, 1990; Shen & Lin, 1991; Moore & Jongman, 1997),
as well as the timing of /0 turning point (e.g., Shen & Lin, 1991; Shen et al., 1993; Moore &
Jongman, 1997). These findings show the importance of /) information in the perception
of the canonical realization of lexical tones produced in isolation, but fall short in taking
into consideration possible contextual f0 variation in connected speech, the perception of
which on tonal identification is the most practiced behavior during daily speech
communication.

When lexical tones are produced in connected speech, the f0 realization of the tones
may deviate greatly from that produced in isolation, due to contextual effects such as tone
sandhi and tonal coarticulation. Tone sandhi refers to phonological tonal alternation, which
usually causes such a great change in the /0 contour that the sandhi-derived tones are
typically unpredictable or unexpected from the canonical f0 realization. For instance in
Beijing Mandarin, when two Low tones are combined in a disyllabic domain, the first Low
tone, which otherwise would be realized with a low 0 target, would surface with a rising /0
contour (Chen, 2000 and references therein). Note that even for tones without tone sandhi
allophonic variation, they are usually realized with an 0 contour that is different from their
canonical f0 shape. The deviation, however, is much subtler and with varying degrees of
phonetic modification depending upon the tonal contexts. They are nevertheless rather
predictable from their canonical f0 realization despite the phonetic modifications. This is
known as tonal coarticulation (see Xu, 2001; Chen, 2012 and references therein for further
details on tonal variation).

Despite the extensive contextual variation in the f0 realization of lexical tones in
connected speech and the rich layers of different types of tonal variability, only a small
number of perception studies have taken the contextual effect into consideration. This
body of work shows consistently that listeners’ identification of a lexical tone is affected by
its tonal context (e.g., Fox & Qi, 1990; Xu, 1994; Moore & Jongman, 1997; Francis et al,
2003). For example, Xu (1994) investigated the perception of the middle tone within

4 A version of this chapter has been submitted for publication as: Qian Li & Yiya Chen. (submitted).
Tonal variability on the perception of lexical tones - evidence from eye movements. The Journal of the
Acoustical Society of America.
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trisyllabic constituents. The target was embedded in both “compatible contexts” in which
its f0 realization is less deviated, and “conflicting contexts” where its f0 realization is greatly
deviated. Results show that the listeners’ identification of lexical tones produced in both
contexts is highly accurate with their respective original contexts (i.e., target produced in
compatible contexts was presented in compatible contexts, and target produced in
conflicting contexts presented in conflicting contexts). However, if the original tonal
contexts were replaced by white noise, only tones in compatible condition can be correctly
identified above chance level, while the identification of tones in conflicting condition
dropped below chance level. Furthermore, when the target was presented in swapped tonal
contexts (i.e., target produced in compatible contexts presented in conflicting contexts, and
that produced in conflicting contexts presented in compatible contexts), listeners showed
clear tendencies of compensating the influence of the tonal contexts when identifying the
target, e.g., a rising tone that was flattened by a conflicting context in production can be
perceived as a falling tone when it was presented in a new compatible context. This study
thus indicates that when tones are greatly deviated from its canonical f0 realization,
listeners need to rely on the contextual tonal information in order to identify the target
lexical tones. The question that remains interesting is how the target tones are processed in
advance of access to the tonal contexts during speech recognition.

A second, hitherto independent, line of studies on contextual tonal perception has
mainly focused on the issue of whether the sandhi-derived f0 realization of lexical tones is
perceptually distinguishable from another lexical tone (which has been proposed to be the
targeted sandhi tone in most literature on tone sandhi). For instance, a few studies have
been done on the perception of the Low tone sandhi in Beijing Mandarin. Although there
is evidence that the sandhi-derived Low tone variant is processed differently from the
lexical Rising tone in production encoding (Chen et al., 2011; Zhang et al., 2014; Nixon,
Chen, & Schiller, 2015), and also articulated with slight acoustic differences from the
Rising tone (e.g., Yuan & Chen, 2014 and references therein), perception studies have
repeatedly shown that the Low+Low tonal sequence cannot be reliably distinguished from
that of the Rising+ILow sequence (e.g., Wang & Li, 1967; Speer et al., 1989). However, the
issue of tonal perception in sandhi context is not limited to whether the tone sandhi
patterns are neutralized in perception. Moreover, the end-state responses are likely to
exhibit a different pattern from that of the real-time processing data (Spivey, 2007; also see
discussion in Malins & Joanisse, 2010). Therefore even if listeners cannot reliably
distinguish two tonal sequences in traditional meta-linguistic perceptual judgement tasks, it
is still possible that the two tonal sequences are actually processed differently in spoken
word recognition. So, the question that remains to be addressed in the literature is how
lexical tones are processed during spoken word recognition, due to their allophonic sandhi
variation.

The present study aims to fill the knowledge gaps on tonal perception by addressing
the above two research questions. Via a word-recognition task within the Visual World
Paradigm (Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 1995), this study sets out to
investigate the processing of tonal variability in Tianjin Mandarin, which presents a good

testing case as it exhibits interesting patterns of tonal variability in connected speech.
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4.1.1 Tianjin Mandarin

Tianjin Mandarin is a dialect of Mandarin which is spoken in the urban areas of Tianjin city
(about 100km from Beijing). Like Standard Chinese, Tianjin Mandarin has four lexical
tones: Tone 1 (T1) is a low-falling tone, Tone 2 (T2) a high-rising tone, Tone 3 (T3) a low-
dipping tone, and Tone 4 (T4) a high-falling tone (Zhang & Liu, 2011; Li & Chen, 2012,
2016). In connected speech, Tianjin Mandarin shows a range of complex tone sandhi
patterns over disyllabic constituents. The received wisdom has been that these sandhi
patterns involve the categorical change of one lexical tone to another. For example, when
two T3s are combined, the first T3 is claimed to change into T2 (e.g., Li & Liu, 1985;
Chen, 2000; Hyman, 2007). However, recent experimental data have shown that there is no
complete tonal neutralization in Tianjin Mandarin, which means there is no categorical
change of one lexical tone to another (Zhang & Liu, 2011; Li & Chen, 2012, 2016).
Furthermore, two different types of tone sandhi have been observed in this language, one
is Near-Merger Sandhi and the other No-Merger Sandhi, as illustrated in Figure 4.1.

Near-Merger Sandhi No-Merger Sandhi

a. T3T3 vs T2T3 b. T1T1 vs T3T1 ¢. T4T1 vs T2T1
25 25 25

20 AN 200 f‘"\ > / h

: \v15

10 10 10
Normalized Time Normalized Time Normalized Time

Figure 4.1 f0 realization of three disyllabic sandhi sequences in Tianjin Mandarin (1313 in a, T1T1
in b and T4T1 in ¢) compared to their respective sandhi target sequences (T213 in a, T3TT in b, T2T1
in ¢) as claimed in the literature. T3T3 is Near-Merger Sandbhi; T1T1 and T4T1 are No-Merger
Sandhi. Thick white lines indicate the mean f0 of the sandhi sequences (dark gray areas for 1 standard
error of mean); black lines indicate the mean f0 of the claimed farget sequences (light gray areas for £1

10 (st)
0 (st)
10 (st)

5

standard error of mean). Normalized time.

In the Near-Merger Sandhi case, i.e., the T3T3 sequence in Figure 4.14, the first T3 is
realized with a high-rising 0 contour, which makes the f0 realization of this tonal sequence
hardly distinguishable from that of the claimed target sequence (T2T3) in the literature.
Figure 4.12 compares the fU contour of T3T3 to that of T2T3. The data were averaged
across 72 tokens (six speakers, three items, two informational status, two repetitions) (Li &
Chen, 2012, 2016). White lines with dark areas represent the f0 realization of the sandhi
pattern T3T3; and black lines with light areas represent the claimed target sequence T2T3.
It can be seen from Figure 4.1a that, the fU realization of the two sequences are hardly
distinguishable despite some subtle differences.

In the No-Merger Sandhi cases, the sandhi tones surface with altered f0 realization,
while maintaining its distinctiveness from the other lexical tonal contours. There are two
No-Merger Sandhi cases in Tianjin Mandarin: T1T1 (Figure 4.15) and T4T1 (Figure 4.1¢).
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T1T1 has been claimed to change into T3T1 in the literature (e.g., Li & Liu, 1985; Chen,
2000; Hyman, 2007). As shown in Figure 4.15, the first T1 in T1T1 is realized with a
slightly falling and rising f0 tone, which is clearly unexpected from its canonical low-falling
/0 contour when produced in isolation. Although T1ndni is realized similarly to T3 as in
T3T1, its f0 realization is significantly different from that of T3, suggesting no merging of
Tlsndni with T3. Similarly, T4T1 is claimed to change into T2T1 (e.g.,, Li & Liu, 1985;
Chen, 2000; Hyman, 2007). While the first T4gndni in T4T1 is similar to the T2 f0 contour,
they are cleatly different from each other (Figure 4.1¢).

In short, the two types of tone sandhi differ in how closely the sandhi-derived /0
contour resembles one of the lexical tones in the lexical tone system. In the Near-Merger
case, the sandhi-derived tone is realized with an /0 contour that is hardly distinguishable
from its target lexical tone, while in the No-Merger cases, the sandhi-derived lexical tones
show a similar f0 contour to their corresponding target lexical tones while still maintaining
their distinctiveness. The specific research question of interest here is whether and how the
different types of tone sandhi variation affect tonal processing in online speech

recognition?
4.1.2 Visual world paradigm and spoken word recognition

An auditory word-recognition task within the Visual World Paradigm (VWP) (Tanenhaus
et al, 1995) was employed to tap into the processing of lexical tonal variation. A typical
setup of the VWP in speech recognition studies is to present participants with four pictures
or written words on a computer screen. The participants simultaneously hear an auditory
stimulus, which corresponds to one of the four possibilities (i.e., the target) while their eye
movement is tracked (see a review in Huettig, Rommers, & Meyer, 2011). Typically, a
target is presented with a competitor and two distractors. The participants were asked to
identify the words they have just heard and click on the target with a mouse.

Based on the assumption that eye movements are closely time-locked to the spoken-
word processing, this paradigm makes it possible to tap into the time-course of auditory
word recognition (e.g., Tanenhaus et al., 1995; Allopenna, Magnuson, & Tanenhaus, 1998;
Dahan, Magnuson, & Tanenhaus, 2001; Dahan, Magnuson, Tanenhaus, & Hogan, 2001;
Beddor, McGowan, Boland, Coetzee, & Brasher, 2013; see also reviews in Tanenhaus,
Magnuson, Dahan, & Chambers, 2000 and Huettig et al., 2011). Furthermore, the task
involved in this paradigm is more natural speech perception experience than just asking the
participants to make meta-linguistic judgements, which is typically used in traditional
studies on tonal perception.

To make inferences about how the target auditory stimuli are processed, previous
studies have mainly looked at how fast listeners start to fixate upon the target words (or
competitors) as well as how long they look at the targets (or competitors). For example, in
Tanenhaus et al. (1995), participants were asked to follow the instructions, e.g., “pick up the
candy”, and move real objects around. When the target object (e.g., candy) was presented
together with another object (e.g., candle) whose name has phonological overlapping with

the target, it took the participants longer time (i.e., 230ms) to initiate an eye movement to
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the target object candy than when a phonological similar object was absent (i.e., 145ms).
This demonstrates that the speech recognition process actually starts before participants
hearing the end of the word. In Allopenna et al. (1998), participants were presented with
displays of four images on the computer screen, one for target corresponding to the
auditory stimuli (e.g., beaker), one for “onset competitor” which has onset overlapping with
the target (e.g., beetle, which shares the onset with beaker), as well as two for distractors that
are phonologically unrelated with the target (e.g., dolphin, carriage). The results show that
when participants heard the instruction “pick up the beaker”, the proportion of looks to both
beaker and beetle started to increase initially. However, as the speech unfolded, the
proportion of looks to beetle started to decrease while only the picture corresponding to
target gained more looks. In another experimental condition, the target words were
presented with a “rhyme competitor” (e.g., speaker, which shares the rhyme with the target
beaker). Compared to that of the “onset competitor”, the initial increase of looks to “rhyme
competitor” speaker occurred at a much later time point since it only overlapped with the
target at a later part of the word. This indicates that, upon hearing a spoken word, listeners
continually evaluate the unfolding speech with fine-grained sensitivity, and gradually
activate certain lexical candidates that compete for recognition.

Recently, VWP has been successfully employed in perception studies of lexical tones
produced in isolation (Malins & Joanisse, 2010; Shen et al., 2013). For example, in Shen et
al. (2013), participants were presented with images corresponding to segmentally identical
T2 and T3 monosyllabic words (e.g., b7 ‘nose’ vs. b’ ‘pen’) together with two other
phonologically unrelated distractors (e.g., che’ ‘car’, dao’ ‘knife’). They were played with T2
or T3 stimuli and asked to click on the corresponding images. Stimuli were normalized
with 500ms duration. Both T2 and T3 were resynthesized so as to have identical f0
contours from the onset until 200ms into the tones; from 200ms on, T2 was resynthesized
with high f0 offsets and T3 low offsets. Results show that like segments, the recognition of
lexical tones starts before the end of the stimuli and the processing of lexical tones is in a
similar incremental fashion as that observed for segments. For example, upon hearing a T3
stimulus, participants generally needed only around 350-450ms to initiate an eye movement
to the image corresponding to the target. Given that it usually takes about 200ms to plan
and execute an eye movement (Matin, Shao, & Boff, 1993), it can be inferred that
participants have already recognized the tone as early as around 150-250ms after the
stimulus onset, which is much eatlier than the end of the stimulus (500ms after stimulus
onset). Furthermore, as the time unfolds, the proportion of looks to T3 continues to
increase from 30% up to 90%, while that for other possibilities drops to the minimum at
the same time.

This present study extended the VWP into studies of lexical tone perception in
connected speech, where disyllabic collocations in Tianjin Mandarin with different types of
tonal variability were used as auditory stimuli (i.e., Near-Merger Sandhi, No-Merger Sandhi,
No Sandhi). The first goal of this study is to establish whether lexical tones produced in
contexts are comparable with those produced in isolation in terms of the eye movement
patterns during auditory speech recognition; second, it is also of great interest to investigate

how different types of tonal variability affect online tonal processing. Note that the present
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study is not particularly interested in whether certain sandhi sequence is ambiguous with its
target sequence as claimed in the literature with segmental overlap for both syllables, e.g.,
i’ fa’ “fingering’ vs. b7 fa’ ‘executing justice’. Rather, the main focus is only on the
perception of the first tone of different tonal variability, where there should be no
ambiguity in the visual world context, e.g., 347 fa’ “fingering’ vs. ghi’ hou' ‘lag’.

To address the first issue, two competitors for each target were included: a baseline
competitor which does not share segments or tones with the target, and a segmental
competitor which has overlapping segments but unrelated tones with the target (following
the name in Malins & Joanisse, 2010 for the ease of comparison). Malins and Joanisse
(2010) show that when targets and competitors are segmentally identical but different in
tones (e.g., chuang’ ‘bed’ vs. chuang' “window’), there is greater competition between targets
and competitors than in the baseline condition with no segmental overlap. Similarly,
greater competition effect for segmental competitors than for baseline competitors should
also be expected in the present study.

To achieve the second goal, three types of tonal variability were included for the
target words, Near-Merger Sandhi, No-Merger Sandhi, and No Sandhi. It can be predicted
that 1) for Near-Merger Sandhi, the first tone is processed with the most effort due to the
altered /0 realization and the potential ambiguity with another lexical tone in the tonal
system; 2) No-Merger Sandhi should be less difficult to process than Near-Merger Sandhi,
since its realization is altered but it is not supposed to be ambiguous with another tone in
the tonal system; and 3) in the No Sandhi condition, the tonal realization of the first tone
can be expected from the canonical realization, and thus no tonal ambiguity is involved;
therefore, it should be processed with the least effort.

4.2 Method

4.2.1 Participants

Thirty-four native speakers of Tianjin Mandarin were recruited to participate in this
experiment. All subjects were born in late 1980s or early 1990s (9 males, 25 females;
Mean=22) and raised in the urban areas of Tianjin. They were undergraduate or
postgraduate students studying in Beijing at the time of the experiment. None of them had
lived out of the Tianjin city before 18. They were paid for their participation but unaware
of the purpose of the experiment. One subject was wearing cosmetic contact lens, resulting
in potentially different eye movement data. Her data were excluded from further analyses.
Data from another two subjects who were shortsighted without wearing glasses for
correction were also excluded. The remaining 31 subjects had normal or corrected-to-

normal vision. All participants provided written informed consent.

4.2.2 Stimuli

The target stimuli consisted of 36 highly lexicalized disyllabic collocations with two sandhi
patterns in Tianjin Mandarin: near-merger sandhi (i.e., T3T3) and no-merger sandhi (i.e.,
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T1T1, T4T1). In addition, 18 stimuli with only tonal coarticulation and no sandhi changes
were included for further comparison (i.e., T4T4, T3T2, T3T4) (sece Table 4.1). Target
stimuli of different tonal variability types were matched in bigram mutual information
which stands for the likelihood of two syllables co-occuring within a lexical item according
to Da (2004). The mean bigram co-occuring frequency of all target stimuli was 5.0
(SD=3.7), which corresponds to strong collocation strength, and the three groups of
stimuli were not significantly different from each other (F(2)=0.26, p=0.773).

Table 4.1 Experimental design and sample stimull.

Near-Merger Sandhi

Target Baseline Competitor Distractor 1 Distractor 2
it 3 i i B F:
(tuo! xie?) (chou! xie3) (xi! niu?)
K slippers 10 draw blood rhinoceros
(yu? shui’) Segmental Competitor Distractor 1 Distractor 2
raimvater | Zins) i
(yu* gou) (fen! hao%) (bao* jing?)
purchase in advance senticolon to report to the police
No-Merger Sandhi
Target Baseline Competitor Distractor 1 Distractor 2
AR THBi Wl
(eng? gi) (xiao! fang?) (jit dong*)
WL cold air fire-fighting exceited
(yud gangl) Segmental Competitor Distractor 1 Distractor 2
bathiub i W AR
(yu3 lu#) (sha! Iat) (dong! tian')
quotation salad winter
No Sandhi
Target Baseline Competitor Distractor 1 Distractor 2
8% A T
(lan3 che') (yu? yit) (shou? zhuo?)
4k 75 cable car raincoat bracelet
(ji* xu) Segmental Competitor Distractor 1 Distractor 2
to continne IR i i
(13 yal) (tuo3 yuan?) (hai3 gang?)
1o press oval harbor

For each target, a corresponding baseline competitor and a segmental competitor
were chosen (a within-item design). The baseline competitors did not share segment or
tone with the targets (S-, T-). The segmental competitors shared the segment of the first
syllable with the targets, but with an unrelated tone (S+, T-), which was neither the
underlying lexical tone nor the lexical tone which was claimed in the literature as the
targeted sandhi tone. The second syllables of the targets and competitors were different in
terms of both tone and segment across all conditions. Take the target 347’ fa’ (‘fingering’) as

an example: its baseline competitor was wai’ fas’ (‘coat’) while the segmental competitor
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4 4
was “ghi’ hou””

(lag’). Each target-competitor pair also had two distractors within the
Visual-World Paradigm. The distractors did not share any tone or segments with the target
or the competitor.

The targets and competitors were further controlled to be closely matched in terms
of lexical frequency based on Cai and Brysbaert (2010) and orthographic complexity as we
presented Chinese characters instead of pictures (following Shen et al., 2013), so that there
was no significant difference between the targets and competitors for lexical frequency
(F(1)=0.087, p=0.768) or visual complexity (F(1)=0.156, p=0.694). No participant
reported difficulty of recognizing any character.

The auditory stimuli were pre-recorded by a male speaker of Tianjin Mandarin who
was born in the 1980s. All stimuli were produced with the same loudness and speaking
rate. The mean duration of the first syllable of the stimuli was 357ms (SD=71ms), and was
not significantly different across the three conditions (F(2)=0.47, p=0.627); the mean
duration of the entire disyllabic stimuli was 704ms (SD=98ms).

4.2.3 Procedure

Eye movements were recorded with an Eyelink 1000 system with a 35mm lens running at
500Hz. Visual stimuli were presented on a 21-inch ViewSonic G220f monitor (resolution:
1024*768 pixels; frame rate: 120Hz). Participants were seated comfortably with a chin rest
and a forehand rest set at a distance of 69cm from the screen. All recordings and
calibrations were done monocularly based on the left eyes and viewing was binocular
(except for one participant whose right eye was tracked for tracking failure of the left eye).
Gaze position was calibrated with a 13-point grid. Prior to the presentation of each trial,
there was a drift check.

The experiment began with a block of seven training trials to familiarize the
participants with the experimental setup and task. Participants were tested individually.
Each trial consisted of a fixation-cross screen (500ms) with only a fixation cross at the very
center of the screen prior fo the stimuli screen. The participants were asked to look at the
fixation cross until it disappeared. Then the auditory stimulus was played through a
headphone simultaneously with the presentation of the visual stimuli screen. The task for
the participants was to click on the lexical item they had heard with a mouse within 10
seconds (although no participant spent more than 10 seconds to make a decision).

In each trial, participants saw four disyllabic collocations on the screen, which
consisted of a target corresponding to the auditory stimulus, a competitor, and two
distractors. To maximally guarantee the non-overlapping of the parafoveal view when
reading each collocation (e.g., Mielle et al., 2009), size and location of the visual stimuli
were calculated accordingly to the screen (2.5cm * 5cm in height and width, corresponding
to 5° visual angle; approximately at the centers of the four quadrants of the screen; for
further details, we refer readers to Appendix I). The order of the four visual stimuli on the
screen was counter-balanced. The trial order was pseudo-randomized so that auditory

stimuli of the same tonal variability condition were not presented in consecutive trials.
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4.2.4 Eye movement data analysis

Given that the two characters of a disyllabic collocation on the screen basically covered the
foveal area (see Figure I in Appendix I), only eye gaze data within the boundary
immediately around the collocation were included for the analyses of respective stimulus
item (i.e., target, competitor and distractors). The eye movement data were recorded at 2ms
intervals. The proportion of looks at each time point (every 2ms) was calculated. Trials in
which subjects clicked on items other than the target (<1%) were excluded from the
analyses. For better illustration of the eye movement patterns, data from trials containing
blinks (17%) were also excluded.

The eye movement data were reported from the onset of the auditory stimulus to
1400ms post stimulus onset. The upper limit was chosen at the point where the proportion
of looks to target had reached the maximum (following Malins & Joanisse, 2010).

The growth curve analysis was used for statistics (following Mirman, 2014) with the
package /me4 (Bates et al, 2014) in R (R Core Team, 2014). Given the large dataset
obtained for this study, the statistical analysis was limited within certain time windows (i.e.,
part of the curves), which showed interesting patterns, instead of fitting the entire curves.

The base model was first constructed with only TIME (up to the fourth order
components) in the fixed-factor structure and SUBJECT as the random factor on all time
terms (following Mirman, 2010). Additional fixed factors were then assessed in a stepwise
fashion. Only factors that significantly improved the model fits were added into the model.
Parameter-specific p-values were estimated using the normal approximation (treating the #

value as a z-value).
4.3 Results

4.3.1 Baseline comparison

Figure 4.2 illustrates the mean proportion of looks to target averaged across three types of
tonal variability, when the competitor is a segmental competitor (i.e., with segmental
overlap) vs. when there is a baseline competitor (i.e., without segmental overlap). X-axis
stands for the time since target onset and y-axis for the proportion of looks to target.

As can be seen from Figure 4.2, when there is segment overlap between the targets
and the competitors (shown with solid line as SEGMENTAL), the proportion of looks to
target shows a different pattern from that in the baseline competitor condition (shown
with dotted line as BASELINE) mainly in two aspects. First, the proportion of looks to
target in the segmental condition starts to increase at a much later time point (around
500ms) than that in the baseline condition (around 200ms). Second, the segmental
condition shows lower overall proportion of looks to target than in the baseline condition,
especially salient in the time window of 200-800ms, which approximately corresponds to
about 600ms into the auditory stimuli (the first syllable is 357ms on the average). After
800ms, the differences between the two conditions are less dramatic.
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Figure 4.2 The proportion of looks to target over time when target and competitor have segment sharing

Jor the first syllable (SEGMENTAL) compared to the baseline control condition (BASELINE)
averaged across three tonal variability types.

A growth curve analysis was run for the comparison between segmental vs. baseline
conditions within the 200-800ms time window. The full model included the interaction of
the fourth-order time terms, COMPETITOR TYPE (two levels: SEGMENTAL &
BASELINE) and TONAL VARIABILITY TYPE (three levels: NEAR-MERGER
SANDHI, NO-MERGER SANDHI and NO SANDHI) as the fixed factor and
SUBJECT as a random factor on all time terms. We also included FREQUENCY,
NUMBER OF STROKES, BIGRAM MUTUAL INFORMATION and STRUCTURE of
the target stimuli as additional fixed factors in the full model. The results confirmed a
significant main effect of COMPETITOR TYPE over the time terms up to the third-order
within the 200-800ms time window (intercept: $=0.15, t=33.68, p<0.001; slope: $=-0.18,
t=-7.39, p<0.001; quadratic: p=-0.13, t=-5.34, p<0.001; cubic: $=0.09, t=3.86, p<0.001).
This indicates that the proportions of looks to the target in two conditions were
significantly different in the overall mean, the direction of curve change, as well as the

steepness of the curve change.

4.3.2 Different tonal variability types

To further investigate the eye movement patterns in three types of tonal variability, we

included analyses for looks to both targets and competitors in this section.

4.3.2.1 Looks to the target

Figure 4.3 shows the proportion of looks to target of three different tonal variability types
when target and competitor shared segments. X-axis stands for the time since target onset,

y-axis for the proportion of looks to target.
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Figure 4.3 The proportion of looks to target when targets and competitors have segmental overlap in three
tonal variability types, aggregated across participants and items (thick solid line for Near-Merger Sandhi,
thin solid line for No-Merger Sandhi, dotted line for No Sandhi).

We can see from Figure 4.3 that, due to different types of tonal variability in the
targets, there are subtle differences in the proportion of looks to the target. In general, the
proportion of looks to target in all tonal variability types remains at the bottom (less than
0.1) until around 500ms, when the proportion starts to rise. This indicates that the
participants were not looking at the targets until 500ms across all tonal variability types.
However, after 500ms, the proportion of looks to target in different tonal variability types
began to diverge, especially in two time windows: 500-700ms and 800-1100ms.

In the 500-700ms time window (WINDOW 1, Figure 4.3), the No-Sandhi condition
shows a slightly faster increase in the proportion of looks to target than in the other two
sandhi conditions. A growth curve analysis was run for the comparison among three tonal
variability types within this window. The full model included the interaction of the fourth-
order time terms and TONAL VARIABILITY TYPE (three levels: NEAR-MERGER
SANDHI, NO-MERGER SANDHI and NO SANDHI) as the fixed factor and
SUBJECT as the random factor on all time terms. Additional fixed factors included
FREQUENCY, NUMBER OF STROKE, STRUCTURE and BIGRAM MUTUAL
INFORMATION of the target, as well as NUMBER OF STROKE of the competitor.
Although the difference is subtle, the growth curve analysis results suggested that the
proportion of looks to the target in No-Sandhi condition had a significantly faster
increasing rate than the other two conditions, in terms of the quadratic components
(quadratic for Near-Merger Sandhi vs. No Sandhi: $=0.05, t=1.99, p<0.05; No-Merger
Sandhi vs. No Sandhi: f=0.05, t=2.04, p=0.04). Two sandhi conditions were not
significantly different from each other in any aspect within this time window.

The second interesting time window is from 800ms to 1100ms (WINDOW 2, Figure
4.3). Within this window, our full model of growth curve analysis included the interaction
of the fourth-order time terms and TONAL VARIABILITY TYPE (three levels: NEAR-
MERGER SANDHI, NO-MERGER SANDHI and NO SANDHI) as the fixed factor
and SUBJECT as the random factor on all time terms. Additional fixed factors included
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FREQUENCY, STRUCTURE and BIGRAM MUTUAL INFORMATION of the tatget
stimuli, as well as STRUCTURE of the competitor. In this window, there are noticeable
differences in the three conditions, among which two observations can be made.

First, No-Sandhi condition differs from the two sandhi conditions in terms of both
the overall mean and the slope of proportion of looks at the target. There is cleatly less
proportion of looks at the target in the No-Sandhi condition, as suggested by the
significantly results in the intercepts for Near-Merger Sandhi vs. No-Sandhi condition
(intercept: p=0.05, t=5.75, p<0.001) and No-Merger Sandhi vs. No-Sandhi (intercept:
p=0.08, t=8.50, p<0.001). In addition, the No-Sandhi condition had a significantly larger
rising slope of the proportion of looks to the target than both Near-Merger Sandhi (slope
for Near-Merger Sandhi vs. No-Sandhi: $=-0.10, t=-3.12, p<0.01) and No-Merger Sandhi
(slope for No-Merger Sandhi vs. No-Sandhi: $=-0.10, t=-3.29, p<0.001). The slopes of
two sandhi conditions did not significantly differ from each other.

Second, the two sandhi conditions showed significantly different proportions of
looks to the target in terms of the overall mean. There are overall less looks to the target in
Near-Merger Sandhi than that in the No-Merger Sandhi condition, as reflected in the
significant results in the intercept between Near-Merger Sandhi vs. No-Merger Sandhi
(B=0.03, t=3.16, p<0.001).

4.3.2.2 Looks to the competitor
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Figure 4.4 The proportion of looks to competitor when target and competitor have segment overlap in
three tonal variability types, aggregated across participants and items (thick solid line for Near-Merger
sandhi, thin solid line for No-Merger sandbi, dotted line for No Sandhi).

If not at the target, where else could the listeners be looking? We further analyzed the eye
movement patterns over competitor. Figure 4.4 illustrates the proportion of looks to
competitor in three tone sandhi types. X-axis stands for the time since target onset, y-axis
for the proportion of looks to competitor. The time frames in WINDOWS 2 and 3 in
Figure 4.4 correspond to that of WINDOW 1 and WINDOW 2 in Figure 4.3, respectively.

In Figure 4.4, the proportion of looks to competitor in all tonal variability types
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remains at the bottom, starting to rise and diverges after 200ms. Three time windows are
patticularly interesting: 300-400ms (WINDOW 1, Figure 4.4), 500-700ms (WINDOW 2,
Figure 4.4) and 800-1100ms (WINDOW 3, Figure 4.4).

In the window of 300-400ms (WINDOW 1, Figure 4.4), the No-Sandhi condition
shows relatively higher proportion of looks to the competitor than two sandhi conditions
with a slight magnitude of difference. Taking a look at the whole curve for No-Sandhi
condition in this figure, we could also see that the peak value for the No-Sandhi condition
appears within the 300-400ms window. Growth curve analyses confirmed a significant
difference in the overall mean between the Near-Merger Sandhi vs. No-Sandhi conditions
(intercept: f=-0.07, t=-5.68, p<0.001) and between the No-Merger Sandhi vs. No-Sandhi
conditions (intercept: p=-0.06, t=-5.04, p<0.001). Two sandhi conditions were not
significantly different from each other.

In the time window from 500ms to 700ms (WINDOW 2, Figure 4.4), the proportion
of looks to the competitor in the No-Merger Sandhi condition has a relatively higher mean
than that in the other two conditions. This was confirmed by the significant difference in
the overall mean between No-Merger Sandhi vs. No-Sandhi conditions (intercept: =0.04,
t=4.57, p<0.001) and No-Merger Sandhi vs. Near-Merger Sandhi conditions (intercept:
p=0.03, t=3.13, p<0.01).

In the window from 800ms to 1100ms (WINDOW 3, Figure 4.4), the Near-Merger
Sandhi condition shows relatively more overall proportions of looks to the competitor
than both No-Merger Sandhi and No-Sandhi conditions. This could be confirmed by the
significant difference in the intercept of the No-Merger Sandhi condition (intercept: f=-
0.03, t=-5.27, p<0.001) and No-Sandhi condition (intercept: $=-0.03, t=-4.99, p<0.001),
while No-Merger Sandhi and No-Sandhi were not significantly different from each other.

4.4 Discussion & conclusion

While it is well established that there is extensive variability in the f0 realization of lexical
tones due to the neighboring tones, it is less understood in how native listeners perceive
contextual tonal variations in spoken word recognition. The present study set out to shed
some light on this issue with evidence from Tianjin Mandarin, which exhibits rich layers of
contextual tonal variability.

We employed the Visual World Paradigm to investigate the time course of disyllabic
tone perception with evidence from Tianjin Mandarin. We examined the participants’ looks
to both targets and competitors within the Visual World Paradigm when they heard
disyllabic stimuli with different types of tonal variability (i.e., Near-Merger Sandhi, No-
Merger Sandhi, No Sandhi). Our results yield significant perceptual differences among
different types of tone variation, which affects online speech processing differently, as
reflected in the different eye movement patterns.

To first ensure the participants were behaving in a comparable way with what have
been reported in studies of lexical tones produced in isolation, we included the baseline
comparison where the targets and competitors had neither segmental nor tonal overlap.
We found that when targets and competitors share the same segment for the first syllable,
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there was a generally smaller proportion of looks to the target than that in the baseline
condition. This indicates a stronger overall competition between targets and competitors
when there is segmental overlap, which is comparable with what have been reported in a
recent perception study on monosyllabic Mandarin tones (Malins & Joanisse, 2010). What
differs between ours and the eatlier study is that we found much earlier divergence of
proportion of looks to target: only around 200ms post target onset in ours, but around
600ms in Malins and Joanisse (2010). This is probably due to the fact that we used printed
words as the visual stimuli rather than images as used in Malins and Joanisse (2010).
Printed words have been argued to be more sensitive to phonological manipulations than
images, at least for alphabetic languages (e.g., Weber, Melinger, & Tapia, 2007; Huettig et
al., 2011). Shen et al. (2013) compared image vs. character stimuli, but claimed no
difference. However, their experimental setups for two types of stimuli were not
completely comparable for comparison. Future studies are therefore needed to verify the
potentially different effects of two types of visual stimuli on eye movement patterns in
logographic languages during online speech recognition.

To look into how different kinds of contextual tonal variability affect tonal
perception, we compared the proportions of looks to both targets and competitors in three
different tonal variability conditions. As predicted, we have observed significant differences
among the three different types of tonal variability.

First, we have observed a different eye movement pattern upon hearing target stimuli
with No-Sandhi tonal coarticulation from those in two sandhi conditions, with evidence
from the gaze patterns over both targets and competitors. In terms of the proportion of
looks to the target, No-Sandhi condition showed quicker increase of looks to the target
compared to the two sandhi conditions in the time frame from 500ms to 700ms
(WINDOW 1, Figure 4.3). Later on, participants did not seem to look at the No-Sandhi
targets any more than they did in the two sandhi conditions in the time window from
800ms to 1100ms (WINDOW 2, Figure 4.3). Data of proportion of looks to the
competitor suggested that the participants have shifted their attention from both targets
and competitors to somewhere else at this time point, as in the time window from 800ms
to 1100ms, the proportion of looks to the competitor in No-Sandhi condition was also
lower than sandhi conditions (WINDOW 3, Figure 4.4). This, together with the finding
that there are significantly more looks to competitors in the No-Sandhi condition than the
two sandhi conditions at an earlier time point (300-400ms) (WINDOW 1, Figure 4.4),
confirmed the relatively less effort required in processing No-Sandhi coarticulation, as the
tones are realized with only subtle phonetic deviation.

Second, compared to the No-Sandhi coarticulation condition, two sandhi conditions
have presented more challenge to listeners in tonal recognition due to the more dramatic /0
contour distortion. This was reflected in later initiation of fixation on the targets in both
sandhi conditions (WINDOW 1, Figure 4.3). Furthermore, two sandhi conditions showed
different eye movement patterns from each other for both targets and competitors.

Between two sandhi conditions, No-Merger Sandhi seemed to be relatively easier to
identify, as confirmed by the overall more looks to the target than Near-Merger Sandhi in
the time window 800ms to 1100ms (WINDOW 2, Figure 4.3). The analyses of competitors
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in Figure 4.4 further suggested that No-Merger Sandhi already showed more proportion of
looks to the competitors than that of Near-Merger Sandhi at an earlier time point from
500ms to 700ms (WINDOW 2, Figure 4.4), while in the time window from 800ms to
1100ms (WINDOW 3, Figure 4.4), looks to competitors for No-Merger Sandhi
significantly declined to the same low proportion as for the No-Sandhi condition. This
suggested the successful recognition of No-Merger Sandhi stimuli at this time point, as
participants have shifted their attention away from both target and competitor.

Compared to No-Merger Sandhi, Near-Merger Sandhi seems to be more difficult to
process, reflected in significantly less looks at the target in the 800-1100 time window than
No-Merger Sandhi. The significantly higher proportion of looks to the competitor for
Near-Merger Sandhi in WINDOW 3 of Figure 4.4 further suggested that, within the time
window from 800ms to 1100ms, the Near-Merger Sandhi stimuli have not been completely
recognized as participants were still searching for the target.

Previous studies have shown clear effect of tonal contexts on lexical tone
identification (e.g., Lin & Wang, 1985; Fox & Qi, 1990; Moore & Jongman, 1997; Francis
et al., 2003), especially when tones largely deviate from its canonical realization, where
listeners need to rely on the contexts to identify the tones (Xu, 1994). On the one hand,
our study has lend further support to this contextual effect; on the other hand, by
extending this body of literature, our results show, for the first time, that tonal variation
within the first syllable has already exerted an effect on tonal recognition, given
comparable contextual facilitation from the second syllable for tonal identification.

For the No-Sandhi condition, where there is only minor variation while tonal
distinctiveness is maintained, listeners relied relatively less on the contexts in recognizing
the tone of the first syllable as reflected in the relatively faster growth in the proportion of
looks to the target. For two sandhi conditions, the f0 realization of the lexical tones was
altered to such a great extent that the tonal distinctiveness was no longer kept. It would be
difficult to identify the tone only based on the sandhi-derived f0 realization (also as
suggested in Zhou & Marslen-Wilson, 1997). Information of the second syllable was thus
needed to a greater extent to identify the lexical tone of the first syllable, which was
reflected in the much later looks to target in both conditions.

This thus has provided clear perceptual evidence in support of the distinction
between two contextual tonal variation processes, i.e., tone sandhi vs. tonal coarticulation.
Although there is some consensus on different /0 variation triggered by tone sandhi vs.
tonal coarticulation, previous impressionistic studies claim no essential distinction between
the two processes (e.g., Chen, 2000). Our data showed that the different degrees of /0
deviation due to tone sandhi and tonal coarticulation indeed have different perceptual
consequences in the process of online speech recognition. This thus suggests the necessity
to tease apart the two processes with care when one attempts to analyze and account for
the phenomenon of contextual tonal variability.

Our results further suggested the need to differentiate two types of tone sandhi in
Tianjin Mandarin. These different types of tonal variability over the first syllable clearly
have different consequences on tonal perception; because otherwise, different eye

movement patterns for different tone sandhi types could not have been observed. For No-
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Merger Sandhi where sandhi tones are rather distinct from the canonical tonal realization
of any lexical tone within the lexicon, the difficulty in identification is mainly due to the
recognition of a distorted f0. Near-Merger Sandhi, comparatively, is more difficult to
identify, given that the sandhi-derived tones are indeed quite undistinguishable from
another lexical tone in the system. The successful identification thus involves both
recognition of a distorted f and the competition between two lexical tone candidates,
which therefore requires more effort than for No-Merger Sandhi cases. While traditional
perceptual studies on contextual tone sandhi variation mainly rely on native listeners’ meta-
linguistic knowledge of whether one tone is changed into another due to tone sandhi (e.g.,
Wang & Li, 1967; Speer et al., 1989), our paper is the first to look into how lexical tones
with different types of tone sandhi are processed online.

Taking together, we have demonstrated that despite the commonly accepted
“categorical perception” of lexical tones (e.g., Chan, Chuang, & Wang, 1975; Burnham &
Jones, 2002; Francis et al., 2003; Xu, Gandour, & Francis, 2006; Xi, Zhang, Shu, Zhang, &
Li, 2010; Zhang, Xi, Wu, Shu, & Li, 2012; but see Abramson, 1977 for non-categorical
perception in Thai), native listeners are quite sensitive to fine-grained /0 details in tone
perception, which is in line with Malins and Joanisse (2010) and Shen et al. (2013). We
observed a graded time course difference in online perception of contextual tonal variants,
depending on how much the variants deviate from the canonical f0 realization and whether
there is competition with another lexical tone within the tonal inventory. Specifically, No-
Sandhi tonal coarticulation was the easiest to recognize as the proportion of participants’
looks to the target increased with the fastest rate among three conditions; Near-Merger
Sandhi was more difficult to process than No-Merger sandhi, reflected in the slower
increase of looks to the target as well as in the overall less proportion of looks to target.
The further implications of our findings on possible linguistic theory of tonal variability
and sandhi alternation needs to be explored in the future.
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CHAPTER 5 THE ONLINE PERCEPTION OF SANDHI TONES IN
TIANJIN MANDARIN - EVIDENCE FROM EYE MOVEMENTS

5.1 Introduction

In tonal languages that utilize melodic pitch contour changes to convey lexical meanings
such as Mandarin Chinese, the main acoustic correlate of lexical tones - fundamental
frequency (f0) changes - varies extensively in connected speech. Part of the variation can be
due to the global prosody of the entire utterance (e.g., Xu, 1999; Yuan, 2004; Chen, 2003;
Chen & Gussenhoven, 2008; Chen, 2010; Scholz & Chen, 2014a, 2014b; also see reviews
in Chen, 2012; Zsiga, 2012). Others are more localized where the f0 realization of a lexical
tone varies as a function of its neighboring tonal contexts. One such contextual tonal
alternation process is known as “tone sandhi”, commonly regarded as the phonologized
change of lexical tones in certain tonal contexts. Tone sandhi usually introduces great
changes in the fU contours of the sandhi-derived tones (see reviews in Chen, 2000; Zhang,
2010). A well-known case of tone sandhi is the “Third-Tone” sandhi in Standard Chinese.
When two dipping tones (Tone 3, hereafter as T3) are combined, the first one surfaces
with a rising f0 contour (hereafter T3gndni), similar to that of the lexical rising tone (Tone 2,
hereafter as T2) in the language.

A much-debated issue that is crucial for tonal alternation theories is whether tone
sandhi such as the “Third-Tone” sandhi in Standard Chinese involves complete
neutralization of otherwise distinctive lexical tones as a result of the tonal sandhi change.
Previous perception studies have shown that native listeners cannot reliably distinguish the
sandhi variant T3gndni vs. the lexical T2 (e.g., Wang & Li, 1967; Speer et al., 1989; Chen,
2013; Chen et al., 2015). This leads to the received view of T3 sandhi change in Standard
Chinese as the change of T3 to T2, in which T3sndni, as a result, is regarded to completely
neutralize with the lexical T2 (e.g., Chen, 2000; Yip, 2002; Chen et al., 2015). This
perception-based point of view, however, is challenged by evidence from tone production
studies which demonstrate subtle but quite consistent 0 differences between T3gndni and
the lexical T2 in both read speech (e.g., Zee, 1980; Peng, 1996) and corpus data (Yuan &
Chen, 2014). Furthermore, T3gundni and the lexical T2 have also been shown to be
processed differently during speech encoding (Chen et al.,, 2011; Zhang et al., 2014). If
complete neutralization was indeed involved in tone sandhi, such systematic production
differences between the sandhi-derived tone (i.e., T3sndni) and the claimed output tone (i.e.,
T2) should not have been expected. However, it is still unknown so far whether the
sandhi-derived tones are processed more similarly to its non-sandhi variants or to the
claimed output tones.

In a study related to this issue, Zhou and Marslen-Willson (1997) investigated the
representation of tonal sandhi variants in Standard Chinese via two auditory-auditory
priming experiments, based on the assumption that T3 changes to T2 before another T3.
Results of the first experiment show that, compared to the control condition where primes

and targets have unrelated tones and segments, the processing of disyllabic T3sndniT3
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targets were significantly facilitated by a T3Tx prime, where T3gndni in the target and T3 in
the prime share the toneme but differ in the surface ) contour (Toneme+, Contour-).
However, the targets were significantly inhibited by a T2Tx prime which surfaces with a
similar /0 with T3gnqni in the targets but has a different toneme (Toneme-, Contour+). The
first experiment thus suggests that T3gndni should be represented similarly as the non-
sandhi T3 rather than the lexical T2 as hypothesized by the authors (following the
literature). In the following experiment with T2Tx as targets and T3Tx, T3qndnI3 and
T2T3 as auditory primes, their results show that compared to the control condition, T3Tx
(Toneme-, Contour-) showed a significantly more inhibitory effect than T3nanT3
(Toneme-, Contour+) and T2T3 (Toneme+, Contour+), suggesting similarity between T2
with T3gqndni but not T3. Assuming that T3 changes to T2 in T3T3 sequences (i.ec.,
T3sndni=12), we find the results reported here rather puzzling. The relationship between
T3sandni and T2 (or T3) thus is worthy of further research efforts to be clarified.

It is to be noted that while the f0 information of lexical tones has been shown to be
processed in an incremental fashion as segments in online speech recognition (Malins &
Joanisse, 2010; Shen et al., 2013; Li & Chen, 2015), most previous studies on tone sandhi
perception have focused on whether native listeners are able to discriminate between the
sandhi tones (e.g., T3ndni in Standard Chinese) and the so-called output tones (e.g., lexical
T2 in Standard Chinese) in traditional meta-linguistic tone discrimination paradigms (e.g.,
Wang & Li, 1967; Speer et al., 1989). Zhou and Marslen-Wilson (1997) used an online
auditory-auditory priming lexical decision paradigm, but only end-state responses were
recorded. On the one hand, data of only end-state responses are inadequate to reveal the
dynamic time-course differences in spoken word recognition prior to the end-state
judgement (see further discussion in Malins & Joanisse, 2010). On the other hand, the end-
state responses are likely to exhibit a different pattern from that of the real-time processing
data, which could potentially lead to completely different understandings of the same
phenomenon (Spivey, 2007). Further online speech recognition studies are therefore in
great need to shed more light on how listeners recognize sandhi tones in real time.

To tap into this issue, the present study investigates the time course of online
recognition of sandhi tones in Tianjin Mandarin. As will be introduced below, Tianjin
Mandarin serves as an interesting test case here for its rich layers of contextual tonal sandhi
variation patterns over disyllabic tonal sequences (e.g., Li & Liu, 1985; Chen, 2000; Wee et
al.,, 2005; Zhang & Liu, 2011; Li & Chen, 2016).

5.2 Tianjin Mandarin

Tianjin Mandarin is a dialect of Mandarin Chinese, which is mainly spoken in the urban
areas of Tianjin Metropolis, China. There are four lexical tones in Tianjin Mandarin: Tone
1 (T1) is a low-falling tone, Tone 2 (T2) a high-rising tone, Tone 3 (T3) a dipping tone and
Tone 4 (T4) a high-falling tone (Li & Chen, 2016). Figure 5.1 illustrates the f0 realization of
the four lexical tones uttered in isolation, based on 50 samples for each tone, produced by

a male speaker in his 20s at the time of recording (born in 1983).
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Figure 5.1 Four lexical tones in Tianjin Mandarin produced in isolation (with normalized time). Lines
stand for the mean. Gray areas stand for 1 standard error of the mean.

When two tones are combined, several of the disyllabic tonal sequences undergo tone
sandhi changes from one tone to another in Tianjin Mandarin. For example, when two T3s
are combined, the first one is realized with a high rising /0, resembling that of the lexical T2
with only subtle differences (Zhang & Liu, 2011; Li & Chen, 2016; but see e.g., Li & Liu,
1985; Chen, 2000; Hyman, 2007 which proposed a categorical change of lexical T3 to
lexical T2). Furthermore, another type of tone sandhi has been reported for the tonal
sequences of T1T1 and T4T1, where Tlgundni and T4gundni are significantly different from
their respective targeted output tones as claimed in the literature (i.e., T3 and T2,
respectively) (Li & Chen, 2016; but see e.g., Li & Liu, 1985; Chen, 2000; Hyman, 2007
which categorize these tonal variants also as the categorical changes of lexical tones, i.e. T1
and T4, to T3 and T2, respectively). Given the different degrees of resemblance to another
lexical tone within the tonal inventory (as illustrated in Figure 5.2 below), T3T3 has been
classified as Near-Merger Sandhi while T1T1 and T4T1 as No-Merger Sandhi (i & Chen,
2016).

Figure 5.2 illustrates the 0 contours of the three tone sandhi sequences compared to
that of their respective targeted output sequences as claimed in the literature. The data
were averaged across 72 tokens (six speakers, three items, two informational status, two
repetitions). White lines with dark areas represent the f0 realization of the tone sandhi
sequences; and black lines with light areas represent the claimed target output sequences.
In the Near-Merger Sandhi case (i.e., the T3T3 sequence in Figure 5.24), the first T3 is
realized with a high-rising /0 contour, which greatly resembles that of the first T2 in T2T3.
The /0 realization of T3T3 tonal sequence, therefore, shows great similarity to that of the
claimed targeted output sequence (T2T3) in the literature despite that no complete
neutralization is involved (Zhang & Liu, 2011; Li & Chen, 2016). In the No-Merger Sandhi
cases (i.e.,, TIT1 and T4T1), both Tlqndni and T4gndni surface with a much altered /0
contour, while still maintaining tonal distinctiveness from their respective targeted output
tonal contours claimed in the literature. Specifically, T1T1 (Figure 5.25) has been described
to change into T3T1 in the literature (e.g., Li & Liu, 1985; Chen, 2000; Hyman, 2007). As
shown in Figure 5.25, although the first T1in T1T1 is realized similarly to T3 as in T3T1,
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its f0 realization is cleatly different from that of T3, suggesting no merging of T1ndni With
T3. For T4T1 (Figure 5.2¢), similarly, although the first T4 in T4T1 is similar to the claimed
targeted output - T2 (e.g., Li & Liu, 1985; Chen, 2000; Hyman, 2007), its f0 realization is
clearly different from that of lexical T2.

Near-Merger Sandhi No-Merger Sandhi

a. T3T3 vs T2T3 b. T1T1 vs T3T1 c. T4T1 vs T2T1
25 25 25

0 LN 20 L 8 20/

15- 1

10 10 10
Normalized Time Normalized Time Normalized Time

Figure 5.2 f0 realization of three disyllabic sandbi sequences in Tianjin Mandarin (T313 in a, T1T1
in b and T4T1 in ¢) compared to their respective sandhi target sequences (1213 in a, T3TT1 in b, T2T1
in ¢) as claimed in the literature. T3T3 is Near-Merger Sandbhi; T1T1 and T4T1 are No-Merger
Sandhi. Thick white lines indicate the mean f0 of the sandhi sequences (dark gray areas for 1 standard
error of mean); black lines indicate the mean f0 of the claimed target sequences (light gray areas for £1

(s

o

standard error of mean). Normalized time.

The differences between the two sandhi types have been found to significantly
influence the recognition of the lexical tones as in our recent eye-tracking study (Li &
Chen, 2015 and Chapter 4). The eye movement data show that listeners have more
difficulty in processing Near-Merger sandhi tone than No-Merger sandhi tones, due to the
fact that for Near-Merger sandhi, the sandhi-derived tone is more similar to another lexical
tone within the lexical tonal inventory in terms of the fU realization, while the No-Merger
sandhi tones remain distinctive from the lexical tones with the most similar /) contours
(see below for further details).

This study taps further into the nature of tone sandhi recognition. To be specific, we
ask whether the online processing of sandhi tones is in a similar way to that of the non-
sandhi variants (Toneme+, Contour-) or another lexical tone which has been claimed as
the output target of the tone sandhi rules due to f0 contour similarity (Toneme-,
Contour+), and whether different sandhi types might differ in how the sandhi tones are
recognized. These should shed further light on how tonal variants are represented in the

mental lexicon.
5.3 Visual world paradigm

To investigate the recognition of tone sandhi, we employed the “Visual World Paradigm”
(Tanenhaus et al., 1995) with an auditory word-recognition task following Ii and Chen
(2015), in which the eye movements of listeners are tracked while they listen to auditory
stimuli. As in many experiments with the Visual World Paradigm, participants are
presented with multiple objects (either as images or in written words) on a computer

screen. They are required to follow instructions to complete certain tasks with one of these
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objects (i.e., the target) upon hearing an auditory stimulus corresponding to the object.
Their eye movements are recorded simultaneously for later analyses. A typical display of
visual stimuli consists of a target, a competitor as well as two distractors. The participants
are asked to identify the words they have just heard and click on it with a mouse (see
Huettig et al., 2011 for a review).

This paradigm has enabled us to tap into the time course of auditory word
recognition based on the assumption that eye movements are closely time-locked to the
spoken-word processing in an incremental fashion (e.g., Tanenhaus et al., 1995; Allopenna
et al,, 1998; Dahan et al. 2001a, 2001b; McMurray, Tanenhaus & Aslin, 2002; Beddor et al.,
2013; see also reviews in Tanenhaus et al., 2000; Huettig et al., 2011). Furthermore, tasks
involved in this paradigm are more natural than meta-linguistic judgement tasks in terms of
perception experience (Spivey, 2007).

An important dependent variable in the visual world paradigm is the proportion of
looks to each visual object over time - the likelihood of certain object being looked at
during the time window. Two indices are found to effectively reflect how auditory stimuli
are processed.

One is concerned with how fast listeners fixate on the target object, which is related
to how early the target starts to be activated. For example, in Tanenhaus et al. (1995), it has
been found that when the target object (e.g., candy) was presented together with another
object whose name has phonological overlapping with the target (e.g., candle), participants
took longer time (i.e., 230ms) to initiate an eye movement to the target object candy than
when no phonologically similar object was presented (i.e., 145ms). This shows that when
there exists a phonologically overlapping competitor, the activation of the target is delayed
due to stronger competition effect in target recognition compared to when there is no such
competitor.

The other important index is how likely listeners are looking at the targets (or
competitors), which is believed to reflect the level of activation of the targets (or
competitors). In Allopenna et al. (1998), participants were presented with four images on
the computer screen, one corresponding to the auditory stimuli (target, e.g., beaker), one for
“onset competitor” which has onset overlapping with the target (e.g., beetle, which shares
the onset with beaker), and the rest two for distractors that are phonologically unrelated
with the target (e.g., dolphin, carriage). When participants heard the instruction “Pick up the
beaker’, the proportion of looks to both beaker and beetle started to increase initially,
indicating the start of activation for both words. However, as the speech unfolded, beetle
was gradually deactivated and consequently, the proportion of looks to it started to
decrease; while the target picture gained more looks given the increased activation of the
target word.

This paradigm has been successfully used in recent studies on lexical tone perception,
which demonstrate that listeners are sensitive to fine-grained f0 details (Malins & Joanisse,
2010; Shen et al., 2013; Li & Chen, 2015). For example, Li and Chen (2015) investigated
the effect of contextual tonal variation on the perception of lexical tones of Tianjin
Mandarin in connected speech. Participants heard disyllabic auditory target stimuli, which
undergo three types of tonal variation: Near-Merger Sandhi, No-Merger Sandhi and No
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Sandhi coarticulation. Upon hearing each auditory stimulus, participants saw four disyllabic
collocations on the computer screen: a Target which corresponds to the auditory stimulus
(e.g, b’ fa' ‘fingering’), a Critical Competitor of which the first syllable shares the
segments but has an unrelated tone with the target (e.g., 34/ hon' ‘lag’), and two
phonologically unrelated distractors (e.g., san’ jiao® ‘triangle’; gua' hao® ‘register’). Listeners
were asked to click, with a mouse, on the target amongst the four possibilities upon
hearing each auditory stimulus. Results suggest that No-Sandhi coarticulation was the
easiest to recognize, as in an earlier time window, participants’ fixation on the targets
increased at the fastest rate among the three conditions. Between the two sandhi
conditions, Near-Merger Sandhi was more difficult to process than No-Merger Sandhi,
which was reflected in the overall less proportion of looks to target in the Near-Merger
Sandhi condition within a later time window.

In the present study, we set out to investigate the recognition time course of different
target stimuli when the targets are presented with different types of competitors.
Specifically, target stimuli in the present study included two types of tone sandhi, i.e., Near-
Merger Sandhi (i.e., T3T3) and No-Merger Sandhi (i.e., T1T1, T4T1), as well as those with
No Sandhi coarticulation (i.e., T4T4, T3T2, T3T4) as a control. Three types of disyllabic
competitors were included for these targets which all have segmental overlap with the
target for the first syllable: 1) Toneme Competitor whose first tone shares the underlying
toneme with that of the target but with distinctively different f0 realization from the target,
i.e., Toneme+, Contour-; 2) Contour Competitor whose first tone has a different toneme
but surfaces with a similar 0 contour with that of the target, i.e., Toneme-, Contour+; 3)
Segmental Competitor whose first tone does not share toneme or contour with the target,
i.e., Toneme-, Contour-. Taking the target zb” f’ (‘fingering’) for example, the Toneme
Competitor is ghi’ xiang' (‘carton’) whose first tone shares the T3 toneme with that of the
target, the Contour Competitor is g7’ cheng' (‘professional title’) in which the /) contour of
the first tone is similar to that of the target, and the Segmental Competitor is 4/ hos’ (‘lag)
whose first tone is unrelated to that of the target. We are interested in how the proportion
of looks to the target is affected by these three different competitor types, and how the
effect of different competitors might interact with different target types.

5.3 Method

5.3.1 Participants

All participants in Chapter 4 participated in this experiment. The data from one subject
who wore cosmetic contact lens were excluded. Data from another two subjects who were
shortsighted without wearing glasses for correction were also excluded. All the remaining
31 subjects had normal or corrected-to-normal vision. All participants provided written

informed consent.
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5.3.2 Stimuli

The target stimuli in this experiment were the same as those in Chapter 4, including 18
near-merger sandhi targets (i.e., T3T3), 18 no-merger sandhi targets (i.e., T1T1, T4T1), and
18 no sandhi target (i.e., T4T4, T3T2, T3T4)>.

For each target, a corresponding toneme competitor, a contour competitor and a
segmental competitor were chosen (a within-item design). All competitors share segmental
information with the targets at the first syllable, with manipulation only in tones. The first
syllable of the toneme competitors shared the underlying toneme with that of the targets.
The first tone of the contour competitors is the claimed output tone of that in the targets
according to the sandhi rules claimed in the literature, whose f0) contour resembles that of
the targets. The segmental competitor does not share the underlying toneme or the surface
/0 realization with that of the targets, which are therefore unrelated to that of the targets.
The second syllables of the targets and competitors are different in terms of both tone and
segment across all conditions. Each target-competitor pair also has two distractors within
the Visual World Paradigm. These distractors do not share any tone (toneme or surface
contour) or segments with the target or the competitor. Table 5.1 illustrates the
experimental design and sample stimuli.

The targets and competitors were further controlled to be closely matched in terms
of lexical frequency based on Cai and Brysbaert (2010) as well as orthographic complexity
(following Shen et al., 2013) as we presented Chinese characters instead of pictures. There
was no significant difference between the targets and competitors for lexical frequency
(F(3)=0.108, p=0.955) or visual complexity across conditions (F(3)=1.526, p=0.209). No
participant reported difficulty of recognizing any character. All auditory stimuli were the
same as those in Chapter 4.

Table 5.1 Experimental design and sample stimull.

Near-Merger Sandhi

Target Toneme Competitor Distractor 1 Distractor 2
] HLi B
(zhi3 xiang!) (dian* hua%) (ban! ma3)
carton telephone zebra
Contour Competitor Distractor 1 Distractor 2
Rk HAFR 7 GIRZ
(zhi3 fa3) (zhi? cheng!) (cao! chang?) (ji! chang?)
fingering professional title Pplayground airport
Segmental Competitor Distractor 1 Distractor 2
it Jei =f4 5
(zhi* hou*) (san! jiao?) (gua* hao%)
lag triangle to register

5> No Sandhi stimuli included those claimed to undergo certain tone sandhi in impressionistic studies
(e.g., Li & Liu, 1985; Chen, 2000; Wee et al. 2005) but not confirmed by empirical data in Chapter 3
and in Li & Chen (2010).
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No-Merger Sandhi

Target Toneme Competitor Distractor 1 Distractor 2
SR £33 W
(qi* giu?) (ying! hua') (xiang! chang?)
balloon cherry blossom sausage
Contour Competitor Distractor 1 Distractor 2
& ARSI EE #h
(qit guan) (qi2 pai) (gang! qin?) Gie! 1)
organ chess and cards piano rally
Segmental Competitor Distractor 1 Distractor 2
s #h 225
(qi3 gai*) (can! jin?) (kong! qi*)
beggar napkin air
No Sandhi
Target Toneme Competitor Distractor 1 Distractor 2
R AR/ 1522
(wen3 zhong?) (ban* gong?) (ji* hao*)
steady 10 work marker
Contour Competitor Distractor 1 Distractor 2
V/ksy i HERR S
(wen? he?) (wen! du?) (ku* wa?) (wai* bi%)
to match tempareture leggings Soreign currency
Segmental Competitor Distractor 1 Distractor 2
i) 4 E4k IRE
(wen* hao?) (zhu* zhi%) (dai* shu?)
1o greet home address kangaroo

5.3.3 Procedure and eye movement data analysis

We followed the same experimental procedure and eye movement data analysis as that in
Chapter 4. The eye movement data were also reported from the onset of the auditory
stimulus to 1400ms post stimulus onset following Chapter 4. We employed the growth
curve analyses procedure with the package /we4 (Bates et al., 2014) in R (R Core Team,
2014) as in Chapter 4.

The critical independent factors included TARGET TYPE and COMPETITOR
TYPE. We also included the control factors TARGET FREQUENCY, TARGET
STROKE NO., TARGET STRUCTURE, TARGET BIGRAM INFO., COMPETITOR
FREQUENCY, COMPETITOR STROKE NO. as well as COMPETITOR
STRUCTURE. Our main interest was to see the possible effects of TARGET TYPE and
COMPETITOR TYPE after having regressed out possible mainly stimulus-intrinsic
factors as listed above. Multiple comparisons with Bonferroni adjustment were conducted
with the function g/b# in package multcomp (Hothorn et al., 2008) whenever necessary.
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Figure 5.3 Mean proportion of looks to target when fargets of different types were presented with different
competitors. Targets with Near-Merger Sandhi were plotted in a, No-Merger Sandhi targets in b, No
Sandhi targets in ¢. Thick solid lines stand for the condition when presented with a Toneme Competitor,
thin solid lines when presented with a Contonr Competitor, thin dashed lines when presented with a
Segmental Competitor. Aggregated across participants and items.
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5.4 Results

To investigate how sandhi tones are recognized, we included analyses for looks to both
targets and competitors in this section.

5.4.1 Looks to the target

Figure 5.3 shows the mean proportion of looks to the target when each type of target was
presented with different competitors (illustrated with different line types). X-axis stands for
the time since auditory target onset, y-axis for the proportion of looks to
target/competitor. Targets with Near-Merger Sandhi were plotted in @, No-Metger Sandhi
targets in 4, No Sandhi targets in ¢.

We can see from Figure 5.3 that for all target types, there are great differences in the
proportion of looks to the target due to different competitors, especially from 200ms to
700ms after auditory stimuli onset. After 700ms, the differences between the three
competitor conditions are much more reduced. We further zoomed into two particular
time windows which show interesting eye movement patterns in each target type. The first
window is from 200-400ms after auditory target onset. Given the 200ms delay to plan and
execute an eye movement (Matin et al., 1993), 200-400ms relatively corresponds to 200ms
into the auditory stimuli which maximally ensures no information of the second syllable is
available during this time window, as the minimal duration of the first syllable is 220ms in
our dataset. The second window is from 500ms to 700ms, following Li and Chen (2015)
and data reported in Chapter 4 in order to make a direct comparison.

From visual inspection of the 200-400ms time window (WINDOW 1, Figures
5.3a4,b,¢), the proportion of looks to the target in the three competitor conditions seems to
start increasing at different time points. Participants took the least time to initiate an eye
movement to the target when there is a Toneme Competitor, i.c., around 200ms after the
auditory stimulus onset. The proportion of looks to the target with the presentation of the
other two types of competitors started to increase at much later time points, i.e., around
300ms for the Contour Competitor condition and after 400ms for the Baseline Competitor
condition. This has resulted in a much greater overall mean (around 20%) and a much
faster increase in the proportion of looks to the target in Toneme Competitor condition
than in the other two competitor conditions within this time window. The Contour
Competitor condition and Segmental Competitor condition show only slight differences in
the proportion of looks to the target, both less than 10%. Similar patterns could be
consistently observed across three target types.

A growth curve analysis was run for the comparison of the proportion of looks to the
target among the three competitor conditions within the 200-400ms window across target
types. The best-fit model contained the interaction of TIME (up to fourth-order) and
COMPETITOR TYPE (three levels: TONEME COMPETITOR, CONTOUR
COMPETITOR, SEGMENTAL COMPETITOR) in the fixed factor structure. TARGET
TYPE did not significantly improve the model fit (y?(10)=12.10, p=0.28, n.s.), which
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suggested that different sandhi types in the target did not affect the proportion of looks
patterns within the 200-400ms time window. Among all the controlled factors, only
COMPETITOR STRUCTURE showed significant improvement of the model
(?(2)=27.62, p<0.001), and thus was added to the model. SUBJECT was considered as a
random factor over all time terms. Table 5.2 shows the estimation of the effect of

competitor types.

Table 5.2 Pairwise comparison of the effect of competitor types on the proportion of looks to target within
the time window 200-400ms.

a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
p=-0.14 p$=-0.17 $=-0.03
Intercept z=-51.75 2=-64.25 z=-11.87
p<0.001 p<0.001 p<0.001
$=-0.03 p=-0.11 $=-0.08
Slope z=-3.69 z=-12.41 7z=-8.66
p<0.01 p<0.001 p<0.001
$=0.07 $=0.04 $=-0.03
Onadratic 2=8.20 2=4.76 z=-3.42
p<0.001 p<0.001 p<0.01
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.

The statistic results confirmed the observations made from WINDOW 1 of Figure
5.3. As shown in Table 5.2, the proportion of looks to target in the Toneme Competitor
condition had a significantly higher overall mean than that of the other two conditions (see
significant results in the intercept of Contour vs. Toneme and Segmental vs. Toneme in
Tables 5.24,b). The Contour Competitor condition had a slightly but significantly higher
overall mean than that of Segmental Competitor condition (see significant results in the
intercept of Baseline vs. Contour in Table 5.2¢). Furthermore, the Toneme Competitor
condition showed a significantly faster proportion increase than the Contour Competitor
condition, which was further faster than the Segmental Competitor condition, as reflected
by the significant differences in the slope and quadratic terms in Tables 5.24,5,c).

The second interesting time window is from 500ms to 700ms (WINDOW 2, Figures
5.3a,b,¢). In this window, the proportion of looks to target in Toneme and Contour
Competitor conditions keep increasing at a similar rate (both rising from 30% to around
40%). The Segmental Competitor condition, however, just starts to increase but at a
relatively faster increasing rate (from less than 10% to around 30%).

Within this window, both COMPETITOR TYPE (y?(10)=2047.1, p<0.001) and
TARGET TYPE (}?(10)=30.25, p<0.001) significantly improved the model fits. They also
showed significant interactions (}*(20)=50.69, p<0.001). To investigate the effect of
competitor in each target type, we further subset the data to run separate analyses within
each target type. Estimates of the effect of competitors are listed in Table 5.3.

Two observations can be made from Table 5.3. First, in all three target types, both the
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Toneme Competitor condition and the Contour Competitor condition were significantly
different from the Segmental Competitor condition in terms of significantly higher overall
mean but slower increase in the proportion of looks to the target. This was reflected by the
significant results in the intercept, slope as well as the quadratic of Segmental vs. Toneme
and Segmental vs. Contour in Tables 5.314,, 11b,, Illbe. Meanwhile, the differences
between the Toneme and Contour Competitor conditions were relatively smaller. Only
very subtle overall mean differences were observed (see significant results in the intercept
only in Tables 5.314, 114, and non-significant results in Table 5.3111a).

Second, it is notable that we observed a significantly larger overall mean of the
proportion of looks to target in the Contour Competitor condition than in Toneme
Competitor condition for Near-Merger Sandhi targets. This could be seen from the

significant results in the Contour vs. Toneme of Table 5.3]a.

Table 5.3 Pairwise comparison of the effect of competitor types on the proportion of looks to target within
the time window 500-700ms in different target types.

L. Near-Merger Sandhi

a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
3=0.04 B=-0.17, p=-0.21
Intercept 2=5.07 2=-18.73 2=-23.35
p<0.001 p<0.001 p<0.001
B=0.21 p=0.17
Stope n.s. 2=7.47 2=5.87
p<0.001 p<0.001
B=0.11
Qunadratic n.s. n.s. z=3.71
p<0.01
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.
II. No-Merger Sandhi
a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
B=-0.06 =-0.21 p=-0.16
Intercept z=-0.14 z=-24.79 z=-17.02
p<0.001 p<0.001 p<0.001
$=0.16 p=0.20
Stope n.s. 2z=5.85 z=7.05
p<0.001 p<0.001
$=0.09 p=0.10
Qunadratic n.s. z=3.19 z=3.51
p<0.05 p<0.01
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.
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1II. No Sandhi

a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
3=-0.20 p=-0.21
Intercept n.s. z=-21.86 z=-22.95
p<0.001 p<0.001
p=0.21 p=0.18
Stope n.s z=7.17 2=06.25
p<0.001 p<0.001
Quadratic n.s. n.s. n.s.
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.

5.4.2 Looks to the competitor

To observe where participants were looking if the target is not looked at, this section
further analyzes the eye movement patterns over competitors. Looks to competitor were
analyzed in a similar fashion to that for looks to target. Figure 5.4 shows the mean
proportion of looks to the competitor when each type of target was presented with
different competitors (illustrated with different line types). X-axis stands for the time since
auditory target onset, y-axis for the proportion of looks to target/competitor. Targets with
Near-Merger Sandhi were plotted in @, No-Merger Sandhi targets in 4, No Sandhi targets in
¢. Two observations can be made.

First, it can be seen from WINDOW 1 in Figures 5.4a,b,c that, participants directed
more looks to the Contour Competitor and the Segmental Competitor (both above 20%)
than to the Toneme Competitor (less than 20%) at the beginning of the auditory stimuli
(200-400ms). Meanwhile, the Contour Competitor and the Segmental Competitor are
relatively similar to each other during this time window. This pattern was consistently
observed across three target types, which was confirmed by the statistic results that
TARGET TYPE did significantly improve the model fit of the data. As shown in Table 5.4,
results of the best-fit model confirmed this with significant results in the proportion of
looks between the Contour Competitor condition vs. the Toneme Competitor condition
(see significant results in the intercept in Figure 5.44) and Segmental Competitor vs.
Toneme Competitor condition (see significant results in the intercept and slope in Figure
5.4b). Contour Competitor condition and Segmental Competitor condition did not differ

significantly from each other.
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Figure 5.4 Mean proportion of looks to competitor when targets of different types were presented with
different competitors. Targets with Near-Merger Sandhi were plotted in a, No-Merger Sandhi targets in b,
No Sandhi targets in ¢. Thick solid lines stand for the condition when presented with a Toneme Competitor,

thin solid lines when presented with a Contonr Competitor, thin dashed lines when presented with a
Segmental Competitor. Aggregated across participants and items.
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Table 5.4 Pairwise comparison of the effect of competitor types on the proportion of looks to competitor
within the time window 200-400ms.

a. b. 3
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour

$=0.06 $=0.05

Intercept 2=11.92 2z=11.30 n.s.
p<0.001 p<0.001
3=0.06

Slope n.s. 2z=3.94 n.s.
p<0.01

Quadratic n.s. n.s. n.s.

Cubic n.s. n.s. n.s.

Quartic n.s. n.s. n.s.

Second, within the 500-700ms window (WINDOW 2, Figures 5.44,b,0), the
participants looked at the Segmental Competitor (above 20%) more than at the Toneme
and Contour Competitors (both less than 20%). This was reflected by the significant
results in both the intercept and the slope of Segmental vs Toneme and Segmental vs.
Contour in Figures 5.5Ib,c, IIb,c, IIIb,c. The Toneme Competitor condition and the
Contour Competitor condition further differ from each other according to different target
types. For both No-Merger Sandhi and No Sandhi targets, participants’ looks to the
Toneme and Contour Competitors clearly drop compared to that within the previous time
window (WINDOW 1, Figures 5.4b,c). While for Near-Merger Sandhi targets, the
proportion of looks to the competitor in the Toneme Competitor condition remains as
that in the previous time window (WINDOW 1, Figure 5.4a). This was confirmed by the
significantly higher overall mean in the looks to the Toneme Competitor than Contour
Competitor (see significant results in the intercept of Contour vs. Toneme in Table 5.514).

Table 5.5 Pairwise comparison of the effect of competitor types on the proportion of looks to competitor
within the time window 500-700ms in different target tpes.

L. Near-Merger Sandhi

a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
$=-0.02 3=0.03 (=0.06
Intercept 2=3.33 2=3.77 2=6.83
p<0.05 p<0.01 p<0.001
3=-0.08
Slope n.s. z=-3.21 n.s.
p<0.05
Quadratic n.s. n.s. n.s.
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.
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1. No-Merger Sandhi

a. b. A
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
$=0.03 B=0.12 3=0.09
Intercept 2=3.63 2=15.58 z=11.18
p<0.01 p<0.001 p<0.001
=-0.13 p=-0.12
Slope n.s. z=-5.30 z=-4.99
p<0.001 p<0.001
Quadratic n.s. n.s. n.s.
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.
1I1. No Sandhi
a. b. ..
Contour vs. Toneme Segmental vs. Toneme Segmental vs. Contour
p=-0.02 3=0.05 3=0.08
Intercept 2=-3.423 2=7.16 2=10.54
p<0.01 p<0.001 p<0.001
p=-0.11 p=-0.07
Slope n.s z=-4.57 z=-3.06
p<0.001 p<0.05
Quadratic n.s. n.s. n.s.
Cubic n.s. n.s. n.s.
Quartic n.s. n.s. n.s.

5.5 Discussion & conclusion

This study taps into the online recognition of tonal sandhi variants in Tianjin Mandarin via
the Visual World Paradigm. We examined the participants’ looks to the target and
competitor when they were presented with three types of competitors upon hearing two
types of tone sandhi (i.e., Near-Merger Sandhi and No-Merger Sandhi) as well as stimuli
with tonal coarticulation and no sandhi involved (i.e., No Sandhi) as a baseline for
comparison. For each target stimulus, we included a Toneme Competitor which has
toneme overlap with the target, a Contour Competitor whose /0 contour resembles that of
the target but of a different toneme, as well as a Segmental Competitor with an unrelated
tone to that of the target. Results show that in all target types, participants were sensitive to
the types of competitors together presented with the targets, which was reflected in the
different eye movement patterns when participants were presented with different types of
competitors.

First, regardless of the target types, there is a Toneme Competitor benefit across all
target types within an earlier time window (200-400ms). During this stage, participants
directed significantly more looks to the target (WINDOW 1, Figure 5.3) and less looks to
the competitor (WINDOW 1, Figure 5.4) in the Toneme Competitor condition. This was
reflected by significantly higher overall mean and significantly faster increase of the
proportion of looks to target as well as the significantly lower overall mean of the
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proportion of looks to competitor in the Toneme Competitor condition. The other two
competitor conditions (i.e., Contour Competitor condition and Contour Competitor
condition) exhibit relatively similar eye movement patterns (reflected in the gaze pattern
for both target and competitor). This has thus suggested that a Contour Competitor
(Toneme-, Contour+) plays a similar role in the processing of the target to that of the
Segmental Competitor (Toneme-, Contour-) at the first 200ms of the target stimuli, both
of which show stronger activation than the Toneme Competitor (Toneme+, Contour-).

Second, in the later time window (500-700ms), the activation of targets in both
Toneme and Contour Competitor conditions continues to increase, while the activation of
target in the Segmental Competitor condition just starts to increase (WINDOW 2, Figure
5.3). This was confirmed by the significantly lower but faster increase in proportion of
looks to the target in the Segmental Competitor condition than the other two competitor
conditions. The data of looks to competitor also show that the participants directed more
looks to the Segmental Competitor more than Toneme and Contour Competitors,
suggesting a stronger competition effect between targets and Segmental Competitors.

It has been repeatedly observed in previous studies on spoken word recognition
within the Visual World Paradigm that, segmental overlap between the target and the
competitor gives rise to competition effect in listeners’ recognition of the spoken stimuli
(see e.g., Tanenhaus et al, 1995; Allopenna et al., 1998; Dahan et al., 2001a, 2001b;
McMurray et al.,, 2002; Beddor et al., 2013). Based on recent evidence that segments and
lexical tones play a similar role in constraining word recognition (Malins & Joanisse, 2011),
we predicted that tonal overlap, or at least partial tonal overlap, should induce further
competition effect compared to the condition with no tonal overlap. Therefore, we would
have expected more competition between target and competitor in the Toneme
Competitor condition and the Contour Competitor condition than in the Segmental
Competitor condition. Instead, what we have observed was that within the early window
(i.e., 200-400ms), there was a delayed activation of the target in the Contour Competitor
and the Segmental Competitor conditions, suggesting a different processing trajectory of
the target words in the face of their Toneme Competitor (i.e., earlier and greater activation)
from that against a Segmental or Contour competitor. Interestingly, regardless of how far
the surface f0 realization of the target tone deviates from the surface f0 realization of its
Toneme Competitor (i.e., across the three target types), the pattern of early activation of
target with Toneme Competitor remains. This suggests that at an ecarlier stage of
processing, listeners are processing the tonal information, despite their contextual variation,
as their underlying lexical tones. Thus even for targets with Near-Merger tone sandhi, their
Contour Competitors, despite the similarity in tonal pitch contours, exert a similar
competition effect just as the Segmental Competitors (i.e., segmental sharing only).

A similar delayed activation of the correct target has been observed in Malins and
Joanisse (2010), where participants did not look at the target at all during the initial 200ms
into the first syllable when there is a Segmental Competitor. Moreover, they also observed
that compared to the baseline condition, participants initially directed more looks to the
target when target and competitor have tonal overlap in addition to some segmental

overlap with the targets. This is then in line with our eatlier activation of target with
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Toneme Competitor (although we had lexical tonal overlap as well as complete segmental
overalp).

At a later time window of processing (500-700ms), however, we observed a different
pattern of looks as a function of both target types and competitor types. Specifically, two
observations are to be noted. First, across target types, there was a continued delay in the
activation of the targets with Segmental Competitor. The activation trajectory for the target
in the Contour Competitor condition shows a more comparable pattern to that in the
Toneme Competitor condtion, which is a reversed pattern from the earlier window.
Despite their similarity, there were subtle yet consistent differences across the target types.
For the Near-Merger targets, where the fl contours of the target and the Contour
Competitor resemble to such an extent that they are almost ambiguous, the activation of
the target in the Contour Competitor condition reached a higher level than that in the
Toneme Competitor condition. In the No-Merger Sandhi and No Sandhi target conditions,
where the /0 contours of the target and the competitor are clearly distinctive from each
other, the Contour Competitor enhanced the activation of the target, compared to the
Segmental Competitor, but to a much smaller extent than the Toneme Competitor.

Overall, our data show that the Contour Competitors (Toneme-, Contour+) play a
comparable role to the Segmental Competitors (Toneme-, Contour-) during the initial
activation of the target. Therefore, despite the claims in the literature that for Near-Merger
tone sandhi, one lexical tone undergoes sandhi change and is realized as another lexical
tone, our data suggest that upon hearing the target word, which has a similar f0 contour as
the Contour Competitor, it is the underlying lexical tone of the target word that is
concurrently activated together with the segments. This explains the different activation
patterns of the target word when there is a Toneme Competitor versus when there is a
Contour or Segmental Competitor. This finding then lends support to the proposal in the
literature that tonal variation due to tone sandhi is better viewed as allophonic variation of
the underlying lexical tones and are stored together with the lexical toneme as allotones in
the mental lexicon (Chen et al., 2011; Nixon et al.,, 2015). This is also in line with recent
results of an ERP study on lexical tonal processing in Standard Chinese (X. Li & Y. Chen,
in press). With an oddball paradigm, this study investigated the effect of allophonic
variation on the mental representation and neural processing of lexical tones produced in
isolation. All stimuli share segments /ma/ but with different lexical tones: high-level T1,
rising T2, and dipping T3. The ERP results show that among the four oddball conditions
(T1/7T3, T3/T1, T2/T3, T3/T2; standard/deviant), the T1-T3 pair elicited symmetrical
mismatch negativity effects (MMN), while the T2-T3 pair only showed asymmetrical
MMN effects whete thete wete significantly greater and eatlier MMN effects in the T2/T3
condition than that in the reversed T3/T2 condition. This thus suggests the co-activation
of representations of both non-sandhi T3 and T3sndni even when listeners only hear a non-
sandhi T3 in isolation.

Despite that tonal contour similarity (between the target and the competitor) did not
seem to exert an effect on the activation of target tone within the earlier time window, it is
important to note that there was a contour similarity effect at a later processing stage.

Within the time window of 500-700ms, the tonal contour has been completed or is near
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completion. By then, contour similarity of the Contour Competitor seemed to trigger
similar patterns of target activation as in the Toneme Competitor condition, evident across
the target types. This is in sharp contrast to the delayed activation of target with Segmental
Competitor. While more research is needed to understand the process, one possibility to
explain this differences is that the activation of the target is facilitated either with
underlying lexical tonal sharing or surface contour similarity. While in the Segmental
Competitor condition, the delayed activation of the targets may be due to the lack of such
facilitation effect. Furthermore, listeners seemed to be sensitive to the subtle differences in
the contour similarity. When the target and competitor show great contour overlap as in
the Near-Merger Sandhi case, the contour overlap seems to be more likely to facilitate the
target activation, compared to when the target and the Contour Competitor share less
contour similarity (i.e., in the No-Merger Sandhi and No Sandhi target conditions).

Our results are thus different from conclusions made in traditional tone sandhi
perception studies which usually employ meta-linguistic judgement tasks. These studies
have mainly investigated the perception of sandhi tones in Standard Chinese which only
has one Near-Merger sandhi (i.e., the change of a 3¢ Low tone before another Low;
known as Third-Tone/Low-Tone Sandhi), and have argued for complete neutralization of
the Sandhi Low tone with the lexical Rising tone due to the lack of reliable perception
between the two tones (e.g., Wang & Li, 1967; Speer et al., 1989; Chen, 2013; Chen et al.,
2015). Given the multiple layers of tone sandhi in Tianjin Mandarin, we show, with eye
tracking data which reveal the dynamic processing of spoken words, that tone sandhi does
not have to be the categorical change from one lexical tone to another. Regardless of how
the sandhi-derived tones resemble another lexical tone within the tonal system, native
listeners consistently process the claimed output tones (in the literature) as an unrelated
tone from an early processing stage and was able to fixate upon the correct target word
despite great similarity between the sandhi variant and the lexical tone competitor which is
claimed in the literature to be the sandhi output tone. In other words, within the Visual
World Paradigm, which is much more sensitive to the dynamic activation processes given a
speech input, we have shown that listeners are able to differentiate a sandhi tonal variant
from its contour competitor lexical tone well above chance level. This thus echoes well
with recent experimental data showing subtle but consistent acoustic differences (see e.g.,
Zee, 1980; Peng, 1996; Yuan & Chen, 2014; Zhang & Liu, 2011; Li & Chen, 2016) as well
as different tonal encoding processes in online speech production between sandhi-derived
tonal variants and the lexical tones claimed to be their sandhi output tones in the literature
(Chen et al., 2011; Nixon et al., 2015; Zhang et al., 2014). This thereby argues firmly against
the view that tone sandhi in these Mandarin dialects involves the categorical change of one

lexical tone into another.
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CHAPTER 6 PROSODICALLY CONDITIONED NEUTRAL TONE
REALIZATION IN TIANJIN MANDARINS

6.1 Introduction

In speech production, utterances are phrased into constituents of varying sizes, which
forms a hierarchical prosodic structure (see e.g., Nespor & Vogel, 1986; Shattuck-Hufnagel
& Turk, 1996; Truckenbrodt, 1999; Selkirk, 1995, 2001; Frota, 2012 for comprehensive
reviews). There has been abundant cross-linguistic evidence that prosodic boundary plays
an important role in conditioning the articulation of segments, in terms of domain-initial
strengthening (e.g., Fougeron & Keating, 1997; Fougeron, 1999, 2001; Cho & Keating,
2001; Keating, 2003; Cho & McQueen, 2005), domain-final lengthening (e.g., Wightman et
al., 1992; Kuzla et al., 2007), as well as resistance of coarticulation across boundaries (e.g.,
Egido & Cooper, 1980; Byrd & Saltzman, 1998; Tabain, 2003; Cho, 2004; Pan, 2007).

Much less, however, is known about how the f0 realization of lexical tones is
influenced by different prosodic boundaries. With the limited number of studies
concerning this issue (e.g., Shih, 1997; Yang & Wang, 2002; Pan & Tai, 2006; Scholz &
Chen, 2014a, 2014b), it is clear that prosodic boundary does exert an effect on tonal
implementation, which resembles its effect on segmental articulation. Note that all studies,
however, have limited their attention to the realization of lexical full tones at prosodic
boundaries.

We know that in languages like Standard Chinese, in addition to the lexically
distinctive full tones, there exist a number of items under the cover term “neutral tone”
(Chao, 1968), which are typically grammatical morphemes or the unstressed final syllable
within a disyllabic lexical item. Their surface f0 realization is much less consistent than that
of the full lexical tone syllables and therefore shows great variability (Chen & Xu, 2006 and
references therein). No study thus far, however, has examined the effect of prosodic
boundary on neutral tone realization.

In this study, we aimed to address this gap by exploring how the f0 realization of
neutral tone is conditioned by different prosodic boundaries in Tianjin Mandarin (TM). As
will become clear below, Tianjin Mandarin exhibits very interesting patterns of neutral tone
/0 realization, which calls for further data from well-controlled experiments that can be
scrutinized to shed light on the nature of neutral tone and the effect of prosodic boundary
on tonal implementation.

Tianjin Mandarin is spoken in the urban area of Tianjin city, which is next to Beijing.
Like Standard Chinese, Tianjin Mandarin has four lexical tones. Tone 1 (T1) is a low-falling
tone, Tone 2 (T2) a high-rising tone, Tone 3 (T3) a low-dipping tone, and Tone 4 (T4) a
high-falling tone. Figure 6.1 illustrates the f0 realization of the four lexical full tones that
were produced in isolation (Li & Chen, 2016). The f0 values were normalized with z-score

6 A version of this chapter has been submitted for publication as: Qian Li & Yiya Chen. (under
revision). Prosodically conditioned neutral tone realization in Tianjin Mandarin. Journal of East Asian
Linguistics.
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(Rose, 1987) with the formula: z = (z: z-score; fU,: the observed f0 value in Hz;

speaker in Hz). The illustrated tonal contours were then based on the mean z-score

averaged across 50 samples produced by a male speaker in his 20s.
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Figure 6.1 Lexical tones produced in isolation. Lines stand for the mean. Gray areas stand for *1
standard error of mean. Tone 1 (T1) is illustrated with black line and dark gray area; Tone 2 (12) with
white line and dark gray area; Tone 3 (13) with black line and light gray area; Tone 4 (14) with white
line and light gray area. Normalized time.

In addition to the four lexical full tones, Tianjin Mandarin has a number of items
which are called neutral-tone syllables. These syllables usually follow a full tone syllable
within disyllabic lexical items such as grammatical morphemes (e.g., the possessive marker
de in wo’de ‘mine’), the second syllable of reduplicative forms (e.g., the second ma in ma' ma
‘mother’), or the second syllable of disyllabic lexical items (e.g., jin in tianljin Tianjin)).
Their distribution is thus very similar to the neutral-tone items in Standard Chinese (see
e.g., Lu, 1995; Wang & Jiang, 1997 for the distribution of neutral-tone syllables in Standard
Chinese).

Neutral tone in Tianjin Mandarin has been reported to have very different properties
in its f0 realization compared to that in Standard Chinese. Specifically, while in most tonal
contexts, the f0 realization of TM neutral tone shows similar patterns of f0 variation as that
in Standard Chinese, neutral tone before the lexical low-falling tone (i.e., T1) has been
reported to surface with a rising 0 contour (e.g., Wang, 2002; Li & Chen, 2011), which is
not observed in Standard Chinese. This has led to the proposal that the rising /0 is due to a
special rising tonal target of neutral tone before the low-falling T1 (e.g., Wang, 2002). The
claimed tonal-context conditioned presence of the rising target of neutral tone in Tianjin
Mandarin not only is idiosyncratic but also poses challenges to the established
understanding of neutral tone realization based on data from Standard Chinese (Chen &
Xu, 20006), which calls for further studies to understand the underlying mechanism of

neutral tone /0 realization in general.
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It is worth noting that the lexical low-falling tone (T'1) has been found to show a
considerable raising effect even when the preceding tone is a lexical full tone (Li & Chen,
2016). This suggests the possibility that the rising f0 realization of neutral tone before T1
might be due to a general raising effect of T1 upon its preceding tones, rather than a
special rising neutral tone target, which would then explain the so-called context-specific
rising neutral tone target. Experimental data on neutral tone realization preceding T'1 are
thus needed to tap into and verify this possibility. If results of the experiment lend support
to this possibility, a follow-up question that arises is how prosodic boundaries of different
strength may regulate the /0 raising effect on neutral tone introduced by its following low-
falling T'1.

The design of our experiment was therefore intended to seek answers to these two

research questions, recapitulated in more details in the following.

1) Does Tianjin Mandarin have a special rising nentral tone target as reported in the literature?

We set out to answer this question by first trying to replicate the so-called rising
neutral tone /U realization as reported in the literature. If the rising /0 of TM neutral tone is
confirmed, we further ask whether it is due to a special neutral tone target or due to other
factors such as the general raising effect of the following T1. The approach we took is to
increase the number of neutral tone syllables and examine the corresponding /) contour
changes as a function of the number of neutral tone syllables, as in Chen and Xu (2006). If
indeed there is a rising neutral tone target as claimed, we would expect continuous rising
neutral tone f0 realization. Otherwise, the so-called “special rising target” would be called

into question.

2) How is neutral tone f0 realization conditioned by different prosodic boundaries?

By examining TM neutral tone realization, we also aimed to investigate how in
general, the f0 realization of neutral tone is conditioned by different prosodic boundaries.
To this end, we were interested in how the f0 realization of neutral tone in Tianjin
Mandarin is conditioned by the different prosodic boundaries between neutral tone(s) and
the following lexical T1. The comparison was therefore made between a lower-level
prosodic boundary vs. a higher-level prosodic boundary. Syntactically, they correspond,
respectively, to a boundary within a noun phrase (NP) and a boundary across the subject
and the predicate phrase of an utterance. While there has been various debates on how
syntactic constituents map onto prosodic domains, there is quite some consensus that
these two types of syntactic structures typically correspond to prosodic domains of distinct
levels (e.g., Truckenbrodt, 1999). Specifically, we were interested in to what extent the f0
realization of a neutral tone is conditioned by these two different levels of prosodic

boundaries.
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6.2 Method

6.2.1 Materials

The stimuli were chosen via taking into consideration the following factors.

First, as we know that a neutral-tone syllable in Tianjin Mandarin always follows a full
tone syllable and its realization is greatly influenced by the lexical tone of the preceding
syllable, all four lexical tones in Tianjin Mandarin were included in the preceding syllable:
T1 (low-falling), T2 (high-rising), T3 (low-dipping), and T4 (high-falling).

Second, as neutral tone in Tianjin Mandarin has been reported to show a rising /0
pattern only before T1, the full lexical tone immediately after neutral tone syllable(s) was
consistently controlled as T1. We further controlled the lexical tone that follows the T1 as
varying between T1 versus non-T1 (i.e., T2). This is because previous studies show that the
low-falling T'1 is realized differently as a function of the following tonal contexts. T1 is
typically realized with a low-falling /0 contour in context (e.g., followed by T2), but when
followed by another T1, the first T1 is realized with a rising /0 contour (e.g., Zhang & Liu,
2011; Li & Chen, 2016). As no existing literature provides a clear prediction of whether the
T1 contextual variation might affect the neutral tone realization, we systematically
controlled this factor so as to make sure whether different /0 realization of T1 would affect
its raising effect upon the preceding neutral tone(s) by varying the lexical tone following T1.

Third, as one of the main goals of this study is to understand further the nature of the
rising /0 in TM neutral tone within a broader context of searching for the more general
mechanism of neutral tone realization, we adopted the design in Chen and Xu (20006) for
neutral tone realization in Standard Chinese. We varied the number of the embedded
neutral-tone syllables from 1 to 3, so as to investigate the specific domain of realization for
such an f0 raising effect. Continuous rising neutral tone fU within the domain would
suggest the presence of an underlying rising neutral tone target, while more localized
neutral tone /0 rising right before the following T1 would suggest that the so-called rising
neutral tone reported in the literature is to be attributed to contextual tonal variation effect
introduced by the following T1.

The fourth factor that we manipulated was aimed to tap into the effect of prosodic
boundary on neutral tone realization. The boundary between neutral tone and the
following T1 was varied between a low-level boundary (i.e., a Below-NP boundary) and a
high-level boundary (i.e., a Subject-Predicate boundary), so that there were two different
types of grouping patterns of neutral tone and the following T1. In the Below-NP
boundary condition, the neutral tone was grouped together with the next T1, while in the
Subject-Predicate boundary condition, the neutral tone was grouped separately from the
next T1.

All test materials were embedded in the sentence frame Ta' shuo'... (“He said ...”).
The length of each carrier sentence was controlled to be within 12-14 syllables. For

example,
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Below-NP Boundary:
e.g, MBAR I AEITAE T HEZ K.

Tal! shuo! ta! de mao! zhua! zhu*le na* zhil lao3shu3.

T1 N|T1  T1

He said he-possessive cat catch-perfective that-classifier mouse.

He said bis cat has canght that mouse.

Subject-Predicate Boundary:
.o MU ZETE T — 58T
Tal! shuo! jie3 jie jing! ying?le yi*jial can! ting!.

T3N||T1 T2

He said sisiter run-present one-classifier restaurant.

He said sister is running a restanrant.

Last but not least, we also controlled the information structure of the utterances

elicited since focus has been shown to introduce considerable f variation to tonal
realization, especially to neutral tone realization (Xu, 1999; Chen & Xu, 2006; Li & Chen,
2011). Specifically, we elicited the utterances as answers to pre-recorded questions, which

resulted in two focus conditions. In the on-focus condition, the neutral tone sequence was

under focus; in the pre-focus condition, focus was on later parts of the sentence, as shown

in the following examples, where focus is indicated by italics.

On-Focus Condition:

QUESTION i it B B A T I R 2 B2

ANSWER

Ta! shuo! shui? de mao! zhua! zhu* le na#* zhi! lao3 shu3?

He said who-possessive cat catch-perfective that-classifier mouse?
He said whose cat has canght that mouse?

A Al B A T R 2R

Ta! shuo! tal de mao! zhua! zhu# le na* zhi! 1203 shu3.

He said he-possessive cat catch-perfective that-classifier mouse.
He said his cat has canght that mouse.

Pre-Focus Condition:

QUESTION Ahitf B4 T ?

ANSWER

6.2.2 Subjects

Ta! shuo! ta! de mao! zen3 me le?

He said he-possessive cat how-perfective?

He said what happened to bis cat?

b B R HAE T IR R Z R .

Tal! shuo! ta! de mao! zhua! zhu* le na* zhi! lao3 shu3.

He said he-possessive cat catch-perfective that-classifier mouse.
He said bis cat has canght that mouse.

A total of fourteen speakers (8 males and 6 females; Mean=24) participated in the

experiment. All speakers were born in the 1980s and raised in the urban areas of Tianjin.

They were undergraduate or postgraduate students studying in Beijing at the time of the
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experiment. None of them had lived out of the Tianjin city before 18. They were paid for
their participation but unaware of the purpose of the experiment. All participants provided

written informed consent.

6.2.3 Recording

All eliciting questions were recorded beforehand by a female native speaker of Tianjin
Mandarin. During the experiment, participants were played one question at a time. They
were requested to respond to the question with the sentence presented on the computer
screen. All found the task straightforward and followed the same procedure. Recordings
were conducted in the Phonetics Lab at Beijing Language and Culture University using an
M-Audio® mobile digital audio recorder MicroTrack II with 44.1 kHz sampling rate and 16
bit rate in mono channel. In total, 96 sentences (4 initial tones * 3 neutral tone numbers * 2
boundary types * 2 tones after the immediately following T1 * 2 focus conditions) were
elicited from each participant with three repetitions.

6.2.4 U measurement & data analysis

The acoustic data were manually segmented in Praat (Boersma & Weenink, 2011). A
custom written script was used for /0 extraction and smoothing. /) contours were obtained
by taking 20 points (in Hertz) in the rhyme part for each full tone syllable and 10 points for
the neutral tone syllables. To eliminate the pitch range difference due to gender and to
better illustrate the neutral tone realization, each speaker’s raw fU data were normalized
with z-score (Rose, 1987). The illustrated tonal contours were then based on the mean z-
score averaged across speakers and repetitions.

For quantitative analyses, we employed the growth curve analysis (Mirman, 2014)
with the package /med (Bates et al., 2014) in R (R Core Team, 2014). For the present study,
we used only up to second-order polynomials since the most complex fU contour of lexical
or neutral tones in our data had only convex or concave contour shape (i.e., U-shape or
reversed).

The f0 realization of neutral tone was therefore analyzed by assessing the intercept,
linear and quadratic coefficients in curve fitting. Linear mixed-effect models were then
fitted to examine the neutral tone /0 realization as a function of different preceding lexical
tones (i.e., T1-T4), following lexical tonal combination (i.e., T1T1 or T1T2), boundary
types (i.e., below-NP boundary vs. Subject-Predicate boundary), and focus (i.e., On-Focus
vs. Pre-Focus).

To test the effect of the above factors on the overall neutral tone f0 realization, three
base models for sentences with different numbers of neutral tone syllables were first
established with only time terms in the fixed structure as well as the random intercept and
slope of SUBJECT on all time terms. Other fixed factors (i.e, BOUNDARY,
PRECEDING TONE, FOLLOWING TONAL COMBINATION, FOCUS, NEUTRAL
TONE LOCATION) were added onto each base model in a step-wise fashion. Model fits
were tested at each step by assessing whether including one factor improves the goodness
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of fit using the likelihood-ratio test. The effect of the factors on each neutral tone syllable
was further assessed by establishing separate linear-mixed effect models for each neutral
tone syllable. Parameter-specific p-values were estimated using the normal approximation

(i.e., treating the #value as a z-value).
6.3 Results

Results of general model fits suggested that the only factor that did not significantly
contribute to a better fit of the models for the fU realization of neutral tones (regardless of
the number of neutral tones) was FOLLOWING TONAL COMBINATION (i.e. T1T1
vs. T1T2). This indicates that the lexical tonal sequence T1T1 or T1T2 following neutral
tone(s) made no difference in the /0 realization of neutral tone. We therefore only plotted
data when neutral tone(s) were followed by the T1T1 combination for illustration.

Figure 6.2 shows the mean f realization of neutral tone(s) after different preceding
lexical tones with different prosodic boundaries between the neutral tone(s) and the
following under different focus conditions. Each f contour is an average of 42 repetitions
by 14 speakers, and each gap stands for a syllable boundary. The four f0 contours in each
graph differ in the first lexical tone, as indicated by four different line types, with black
thick solid line for T1, black dotted line for T2, gray thick solid line for T3, and black thin
solid line for T4. The immediately following full tone was kept constant as T1 in all
conditions. The three columns differ in the number of neutral tone syllables (N): one
neutral tone - three neutral tones in Column 1-3, respectively. In the upper two rows (A-
B), focus was elicited on the phrase consisting of the first full tone and the neutral tone(s),
as indicated by “Focus” with brackets. In the lower two rows (C-D), the focus was on the
part following neutral tone(s). The prosodic boundary alternates between low-level (Rows
A, C) and high-level (Rows B, D) within each focus condition.

6.3.1 Rising /0 realization of neutral tone

Our first research question concerned the nature and domain of fU rising in TM neutral
tone before T1 as reported in the literature. To answer this question, we first set out to
replicate the rising neutral tone /0 contour with one neutral tone syllable embedded. As
shown in Column 1 in Figure 6.2, the systematic rising f0 realization of neutral tone was
only observed in Figure 6.2C-1, where neutral tone was pre-focused and followed by a
Below-NP prosodic boundary. Second, in all four cases in Column 1, the /0 realization of
neutral tone varied significantly as a function of different preceding tones (¥2(9)=10183,
p<0.001).
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1. One Neutral Tone 2. Two Neutral Tones 3. Three Neutral Tones
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Figure 6.2 Mean f0 contours of neutral tone syllables in different tonal contexts with different prosodic
boundary inserted between neutral tone and the following full tone under different focus conditions.
Normalized time.

The domain of fU raising is revealed by comparing /0 contours as the number of
embedded neutral tone syllables increased up to three, as shown from Column 1 to
Column 3 in Figure 6.2. If the rising neutral tone fU was indeed due to the so-called rising
neutral tonal target, we would have observed consecutive rising neutral tone f contours
over all neutral tone syllables or continuous rising /) over the string of neutral tone
syllables, as the number of neutral tone syllables increased. However, as can be seen from
Figure 6.2, none of the graphs shows such continuous/consecutive f rising contouts. For
those which does show rising f0 realization (Row C, Figure 6.2), the rising part was
restricted to the last neutral-tone syllable that immediately preceded the Below-NP
boundaries, as evident in the second neutral tone in Figure 6.2C-2 and the third neutral
tone in Figure 6.2C-3. This suggests that the rising /0 contour of neutral tone was unlikely
due to the underlying /0 rising target.

Instead, the mid-low target of neutral tone could be clearly observed when the
number of neutral tone increased (Columns 2-3 in Figure 6.2). We can see that, when there
are two neutral-tone syllables as in Column 2, at the end of the second neutral tone, there
is much less variability despite that the effect of the preceding tones was found to be still
significant for both neutral tones (15t ¥2(9)=16874, p<0.001; 20d: 2(9)=4980.4, p<0.001).
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When there are three neutral tones as in Column 3, the convergence of neutral tone f0
realization is even more apparent, despite that the influence from the preceding tones was
still noticeable (15t ¥2(9)=16263, p<0.001; 27d: ¥2(9)=13172, p<<0.001; 3t: ¥2(9)=213.006,
p=0.001). In Figures 6.2A-3, 2B-3 and 2D-3, the fU of the third neutral tone stayed at a
stable mid-low f0 register with very subtle variation. In Figure 6.2C-3, where neutral tone
was pre-focused and preceded a Below-NP boundary, the approaching of the mid-low
target could be traced by the end of the second neutral tone, followed by a rising f0 pattern
at the last neutral tone syllable.

6.3.2 The effect of prosodic boundary

1 Neutral Tone 2 Neutral Tones 3 Neutral Tones
Al Subject-Predicate Boundary — A2 Subject-Predicate Boundary — A3 Subject-Predicate Boundary —
Below-NP Boundary - - - Below-NP Boundary - - Below-NP Boundary - - -
3
— Focus —_— —— Focus ——— —— Focus.
2 2r 2
B 5 a1 N
On- 20 . 20
Focus 4 4 == R 4 ~ .
T N T T NN T T NN N T
2 -2 2
Nommalized Time Nommalized Time Nommalized Time
B-1 Subject-Predicate Boundary — B2 Subject-Predicate Boundary — B-3 Subject-Predicate Boundary —
Below-NP Boundary - - - Below-NP Boundary - - Below-NP Boundary - - -
3 3 3
— Fows  — — Foous — — Foous —
2 2 2
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;
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Figure 6.3 Neutral tone realization in the context TIN(N)(IN)TT with different prosodic boundaries
between nentral tone and the following T1 in different focus conditions. Row A is for On-Focus condition,
Row B for Pre-Focus condition. Normalized time.

The second goal of our study was to investigate the effect of different sizes of prosodic
boundaries on the fU realization of neutral tone. To this end, we compared the /0
realization of neutral tone preceding a low-level prosodic boundary (i.e., a Below-Phrase
boundary as in Rows A and C of Figure 6.2) vs. a high-level prosodic boundary (i.c., a
Subject-Predicate boundary as in Rows B and D in Figure 6.2). By comparing Rows A vs.
C and Rows B vs. D, we can observe a clear raised /0 contour over neutral tone that
immediately preceded a low-level prosodic boundary compared to that preceding a high-
level prosodic boundary. This pattern holds across different focus conditions.

To better illustrate this difference, the fU contours of the neutral tone syllable(s)
following a T1 and preceding another T1 were re-plotted in Figure 6.3. Here, the two /0
contours in each graph differ in the level of prosodic boundary following the neutral
tone(s), as indicated by solid lines for Subject-Predicate Boundary, and dotted lines for
Below-NP Boundary. The three columns differ in the number of neutral-tone syllables (N):
one neutral tone - three neutral tones in Column 1-3 respectively. In the upper row, focus
was on the phrase consisting of the first full tone and the neutral tone(s), as indicated by

“Focus” in brackets. In the lower row, focus was on the part following the neutral tone(s).
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Table 6.1 Estimates of BOUNDARY on f0 realization of the immediately preceding neutral tones in
different focus conditions; a for On-Focus condition, b for Pre-Focus condition.

a. On-Focus

1st Neutral Tone 2nd Neutral Tone 3rd Neutral Tone
B=0.25
Intercept t=9.94
p<0.001
1IN B=0.26
Stope t=3.32
p<0.001
Quadratic n.s.
3=0.18
Intercept t=12.14
p<0.001
2N - =0.22
Slope t=4.54
p<0.001
Quadratic n.s.
B=0.17
Intercept t=4.96
p<0.001
3N - - $=0.23
Slope t=2.12
p<0.05
Quadratic n.s.
b. Pre-Focus
1stNeutral Tone 2nd Neutral Tone 3rd Neutral Tone
p=0.87
Intercept t=38.15
p<0.001
IN p=1.14
Stope t=15.79
p<0.001
Quadratic n.s.
3=0.99
Intercept t=57.70
p<0.001
2N - 3=0.78
Stope t=14.48
p<0.001
Quadratic n.s.
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$=0.99
Intercept t=62.40
p<0.001

B=0.64
3N - - Shope t=12.71
p<0.001

p=-0.16
Quadratic t=-3.22
p<0.01

Two observations can be made from Figure 6.3. First, neutral tone immediately
preceding a Below-NP Boundary (dotted lines) shows a salient raised f0 contour, in
contrast to the continued /0 lowering over the neutral tone syllable that immediately
precedes a Subject-Predicate Boundary (solid lines). This was confirmed by the significant
statistical results of the slope across both focus conditions in Table 6.1 (see significant
results in the 15t Neutral Tone of 1N in Tables 6.14, b, the 224 Neutral Tone of 2N in
Tables 6.14, b, the 3" Neutral Tone of 3N in Tables 6.14, b).

Second, the magnitude of /U raising was related to the focus conditions of the neutral
tone(s). The raising of the neutral tone f contour is greater in the Pre-Focus condition
(Row B, Figure 6.3) than in the On-Focus condition (Row A, Figure 6.3). As can be seen
from Row A in Figure 6.3, due to the raising effect, neutral tone immediately before a
below-NP boundary surfaced with a relatively leveled-off 0 pattern in On-Focus condition.
In contrast, this raising effect was magnified in the Pre-Focus condition (Row B, Figure
6.3), and consequently, the neutral tone immediately before the boundary was realized with
a salient rising /0 pattern.

6.4 Discussion & conclusion

The present study aimed to shed light on two interesting issues that have not been
addressed sufficiently on tonal realization in the existing literature. The first concerns with
the nature of the weak tonal element in a lexical tone system (i.e., neutral tone), and the
second with the effect of prosodic boundary on neutral tone realization.

We set out to investigated the puzzling context-specific (i.e., before T1) rising f0
contour of neutral tone reported for Tianjin Mandarin (e.g., Wang, 2002), which posits
great challenges to our understanding of the neutral tone realization (Chen & Xu, 2000).
We were interested in the underlying mechanism of this rising neutral tone f0, either as a
special rising neutral tone target as proposed in Wang (2002), or as resulted from the
general raising effect introduced by the following low-falling tone (T'1), as reported in Li
and Chen (2016). We further examined how the f0 realization of neutral tone is
conditioned by different prosodic boundaries, a question which has not been addressed in
the literature.
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6.4.1 Nature of rising neutral tone /0

To investigate the nature of the rising /U over the neutral tone in Tianjin Mandarin, we first
replicated the rising neutral tone 0 contour before T1 reported in the literature with one
neutral tone syllable (with good control over the focus condition of the embedding
utterance and the prosodic boundary between the neutral tone and its following lexical T1).
We also varied the number of neutral tone syllables (from one to thtree) to better observe
the emergence of the underlying neutral tonal target with an increasingly larger domain of
neutral tone realization.

Results showed that, when there was only one neutral tone syllable, the rising neutral
tone f contour as reported in the literature was only observed in the Pre-Focus condition
when the neutral tone syllable preceded a low-level prosodic boundary (i.e., a Below-NP
Boundary), as shown in Figure 6.2C-1. Furthermore, when the number of neutral tone
increased, only the one immediately preceding the Below-NP boundary showed
systematically rising /0 contours in the Pre-Focus condition (Row C, Figure 6.2).

Our finding thus challenges the received wisdom that there is a special rising neutral
tone target before T1 as claimed in Wang (2002) and adopted by virtually all linguists
working on TM neutral tone (e.g., Wang & Jiang, 1997; Lu & Wang, 2012). This view can
be rejected on two grounds, given our data. First, if the neutral tone before T1 indeed has
an underlying rising tonal specification, we should have observed the rising fU tonal
contour regardless of the focus or boundary conditions. Second, more importantly, when
there are more than one neutral tone syllables, each neutral tone syllable should exhibit
rising 0 realization so that there would be either consecutive /0 rises or a continuously
rising f0 contour over the sequence of neutral tone syllables. Neither, however, was
observed in our data.

Instead, we observed a similar mid-low tonal target as proposed for Standard Chinese
(Chen & Xu, 2006). As can be observed from Figure 6.2, regardless of the preceding tonal
contexts, the /U realization of neutral tone showed clear tendency of convergence when the
number of neutral tone syllables increased. The converging value of neutral tone /0 is
around the lower mid-level of the speaker’s averaged fU range, except in the Pre-Focus
condition before a Below-NP boundary (Row C, Figure 6.2). Furthermore, even when the
last neutral tone showed a clearly rising U contour in Figure 6.2C-3, which was different
from other tonal contexts, the approaching of the mid-low target was still observable by
the end of the second neutral tone syllable. This indicates that, whatever might have
triggered the rising U contour over the third neutral tone, speakers were clearly aiming to
first realize the mid-low target of neutral tone if given some time.

Then the question that arises is what brings about the rising neutral tone f0 realization.
Previous studies have proposed several other accounts for the f0 variability of neutral tone
realization, based on the assumption that neutral tone is toneless/targetless. One is the
“Tonal Spreading” account proposed by Yip (1980), based on data from Standard Chinese.
The surface f0 realization of the “toneless” neutral tone was attributed to the tonal
spreading from the preceding syllable, given the fact that neutral tone realization in
Standard Mandarin seems to be exclusively influenced by the preceding lexical tones (e.g.,
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Chao, 1968; Lin & Yan, 1980; Chen & Xu, 20006). This account, however, failed to explain
the converging rising f0 realization after different lexical tones when there are multiple
neutral tone syllables. Others accounted for the neutral tone f0 realization as the transition
(or interpolation) between its preceding and following lexical tonal targets (e.g., Shih, 1987;
van Santen et al., 1998). Based on our data, this also seems implausible. As the number of
neutral tone syllables increased, the f0 realization of the neutral tone sequence should not
have first reached for a mid-low target and then rose, if the /0 contour over the neutral
tone syllables were simply interpolated between the preceding and following tonal targets.
It is also worth noting that, in the literature, T1 in Tianjin Mandarin is unexceptionally
reported as a low-register tone (see e.g., Chen, 2000; Wee et al., 2005; Hyman, 2007
transcribing T1 as “L”; also see e.g., Wang & Jiang, 1997; Wang, 2002; Ma, 2005 using
“LL”). It would thus make no sense to interpolate to a following L. target with the
observed rising neutral tone f0.

We propose that neutral tone does have its own mid-low tonal target as that in
Standard Chinese. What makes different between Tianjin Mandarin and Standard Chinese
is that in Tianjin Mandarin, T'1 shows a consistent raising effect over the f0 contour of the
preceding tones (Li & Chen, 2016), which is manifested in terms of either tone sandhi (i.e.,
over T1T1 and T4T1) or anticipatory tonal coarticulation (i.e., over T2T1 and T3T1). It is
therefore plausible that the rising /0 of neutral tone was another manifestation of this T1
raising effect. Together with observations in Chen and Xu (2006) on Standard Chinese, the
cross-linguistic comparison thus lends further support to the vulnerability of prosodically
weak elements produced in contexts, whose acoustic realization is more susceptible to

contextual influence.

6.4.2 Effect of prosodic boundary on neutral tone realization

Our second issue addressed in this study concerns the effect of prosodic boundary on
neutral tone realization. To this end, we manipulated the prosodic boundary between
neutral tone(s) and the following T1. Specifically, we varied the sizes of boundaries from a
low-level boundary (i.e., a below-NP boundary) to a high-level one (i.e., a Subject-Predicate
boundary). In addition, we also controlled the focus status of the neutral tone sequences
@.e., On-Focus vs. Pre-Focus).

Results showed that the realization of neutral tone(s) was significantly affected by the
size of the following prosodic boundaries, where neutral tone in the below-NP boundary
condition exhibited raised f0 realization compared to that preceding a Subject-Predicate
boundary. Cross-linguistic studies on segmental realization have shown that segments tend
to be resistant to coarticulatory influence across boundaries (e.g., Egido & Cooper, 1980;
Byrd & Saltzman, 1998; Tabain, 2003; Cho, 2004; Pan, 2007), where the bigger the
intervening boundary is, the less contextual coarticulation can be observed. Our results are
thus in line with this observation. The neutral tone preceding a low-level boundary (i.e.,
Below-NP boundary) showed a salient raising effect. When crossing a high-level boundary
(i.e., Subject-Predicate boundary), the raising effect was greatly reduced.

This boundary-regulated T1 raising effect was further modulated by the focus

111



condition; the raising effect was more clearly observed in the Pre-Focus condition than in
the On-Focus condition. This is in line with the general effect of focus on contextual tonal
coarticulation. Several studies have shown that the f0 realization of lexical tones was less
influenced by its tonal contexts when they were under focus and produced with stronger
articulatory force (e.g., Chen & Gussenhoven, 2008; Chen, 2010; Scholz, 2012). This also
explains why when the neutral-tone carrying syllable was part of the focused constituent,
the raising effect of the following T1 was more suppressed than when the neutral-tone was
pre-focus, in which case, the tonal targets were implemented with less articulatory force
(Chen & Gussenhoven, 2008) and consequently more prone to the T1 raising effect,
leading to greater T1 raising effect.

Our observations thus provided another piece of evidence for the independent
implementation of the effects of prosodic boundary and information status, which has
been under some debates in the literature. Some studies claimed that these two effects
resembled, as the realization of focus is regarded to automatically create prosodic
boundaries at either side of the focus domain (e.g., Truckenbrodt, 1999; Gussenhoven,
2008; Biring, 2009; Kabagema-Bilan, Lopez-Jiménez, & Truckenbrodt, 2011), while others
have shown evidence suggesting a mismatch between these two effects (e.g., Chen, 2004;
Féry, 2007; Féry & Ishihara, 2009; Scholz, 2012; Féry, 2013; Scholz & Chen, 2014a). In our
data, it is clear that in both prosodic boundary and focus can significantly influence the
neutral tone realization, although with different magnitudes.

In conclusion, by investigating the acoustic realization of the so-called “rising neutral
tone” as reported for Tianjin Mandarin, we have shown that the rising neutral tone /0
contour before T1 does not need to be treated as a special tonal target. Rather, we argue
that it is due to the raising effect brought about by the following T1. Furthermore, by
increasing the number of neutral tone syllables, we observed a mid-low tonal neutral tone
target, which is of similar nature to the neutral tone in Standard Chinese. The difference
between Standard Chinese and Tianjin Mandarin is therefore not in their neutral tone
specification, but rather in the absence vs. presence of the lexical tone f0 raising effect. In
Tianjin Mandarin, the low-register falling T1 triggers an anticipatory f0 raising effect (Ii &
Chen, 2016), which is absent in Standard Chinese. In addition, we observed an interesting
effect of prosodic boundaries on neutral tone f0 realization. Specifically, the raising effect
due to the following T1 can be blocked by a high-level prosodic boundary (i.e., a Subject-
Predicate boundary) compared to a low-level boundary (i.e., a below-NP boundary). Last
but not least, we observed an interaction of prosodic boundary and focus, where the effect
of boundary was more clearly observed in Pre-Focus condition compared to the On-Focus
condition despite the independent implementation of the two effects, arguing further that
focus and prosodic boundary are two independent mechanisms that can interact to

determine the phonetic implementation of segments as well as lexical tones.
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CHAPTER 7 CONCLUSION

This dissertation investigated the production and perception of contextual tonal variation
based on data from Tianjin Mandarin. While most of the previous studies on speech
variability have focused on variation at the segmental level, this dissertation complements
the existing literature with data on lexical tonal variation, a suprasegmental feature of the
sound system. With evidence from Tianjin Mandarin, a dialect of the Northern Mandarin
family, this dissertation provides an in-depth view of how the acoustic realization of lexical
tones may vary due to both the local contextual factors (Chapter 3) and the global prosodic
factors (Chapter 6), and how the different types of tonal variability further affect the online
perception of the lexical tones (Chapters 4 and 5).

After an introduction to the sound system of Tianjin Mandarin (Chapter 2), Chapter
3 examined the acoustic realization of two different types of local tonal variation.
Specifically, a direct comparison was made of the f0 variabilities introduced by two local
tonal variation processes: tone sandhi and anticipatory tonal coarticulation, which was
designed to address the question of how lexical tones are realized with varying /0 contours
in disyllabic domains without pre-exclusion of any tonal sequence claimed to involve tone
sandhi processes. To further understand the nature of tone sandhi (especially the direction
and possible cyclic application of tone sandhi) in Tianjin Mandarin, trisyllabic constituents
were also investigated.

With the technique of Growth Curve Analysis (GCA) (Mirman, 2014), this chapter
observed a range of variation in the f0 realization of the four lexical tones due to different
following tones. Of particular interest were two different anticipatory raising effects due to
the low-falling T1 and the low-dipping T3, where T'1 consistently gives rise to a greater f
rise over the preceding tones and T3 significantly raises the overall /) mean of the
preceding tones. In the sequences of T3T3, T1T1 and T4T4, the raising effects have
brought about major changes in the fU contour of the preceding tones so that their surface
/0 may not be predictable from the characteristics of the canonical tonal /) contours.
Variation over the three sequences was therefore attributed to tone sandhi. Other cases are
better accounted for as tonal coarticulation, as the anticipatory raising effects have not
affected the f0 distinctiveness of the preceding tones. Their characteristic /) contours can
still be expected to accord with the canonical tonal shapes. Over trisyllabic sequences,
however, the three confirmed disyllabic tone sandhi sequences were not consistently
observed, counter predictions based on claims in the literature (e.g., Li & Liu, 1985; Chen,
2000; Hyman, 2007). Specifically, tone sandhi applications over T1T1 and T4T1 sequences
are only possible when these disyllabic sequences are aligned to the right edge of a
trisyllabic constituent; while the T3T3 sequence triggers consistent application of sandhi
changes regardless of its position within a trisyllabic utterance. Furthermore, no tonal
neutralization was observed over any of the sandhi processes. Rather, we argue for two
different types of tone sandhi in terms of the degrees of f resemblance between the
sandhi-derived tonal contour and the tonal contour of another lexical tone within the

system. To be specific, T3T3 is a near-merger sandhi case, as its sandhi output T3gndniT3
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shows an almost merged /0 contour with the lexical tonal sequence of T2T3. T1T1 and
T4T1 can be classified as no-merger sandhi sequences, as their sandhi realizations have
some resemblance to but remain distinctive from the contours of other lexical tones in the
language.

This chapter thus presents the first empirical study to directly compare these two
types of tonal variation within a well-controlled acoustic experiment. It is to be recognized
that the boundary between tone sandhi and tonal coarticulation is not straight-forward, and
tone sandhi and tonal coarticulation do show some commonalities as well as differences.
Nevertheless, given the rich layers of tonal variation due to different tonal variation
processes, our results show that it is important to first objectively observe the patterns of
/0 variation due to these sources, without which, any discussion upon the differences
between these two variation types is unfounded. In addition, most of the previous
impressionistic studies have considered tonal variation as the categorical change of tonal
identity, which has created a difficult situation and unnecessary complications for
theoretical accounts of tonal variability. By showing that tone sandhi does not involve the
categorical change from one tone to another, this chapter has greatly simplified the claimed
complex tone sandhi system in this dialect. Consequently, our results have cast serious
doubts on the previous theoretical accounts of tonal alternation based on impressionistic
data, and called for future theoretical works on tonal alternation based on the empirically
more solid findings.

Chapter 4 further tapped into the perceptual consequences of the different tonal
variability, namely, near-merger sandhi, no-merger sandhi and no sandhi tonal
coarticulation. While the literature has suggested a clear contextual effect on listeners’
identification of lexical tones, the current chapter asks how a deviated tone itself is
processed by a listener prior to the access to the disambiguating tonal contexts during
speech recognition. To address this question, this chapter employed a word-recognition
task within the Visual World Paradigm (Tanenhaus et al., 1995).

Via examining the participants’ looks to both targets and competitors within the
paradigm when they heard disyllabic stimuli with different types of tonal variability (i.e.,
near-merger sandhi, no-merger sandhi, no sandhi tonal coarticulation), this chapter
observed significant differences in the eye movement patterns as a function of different
types of tonal variability. This suggests a clear effect of tonal variability on the perception
of lexical tones prior to the facilitation of the neighboring tonal contexts. To be specific,
tonal sequences with no sandhi tonal coarticulation was the easiest to recognize as the
proportion of participants’ looks to the target increased with the fastest rate among the
three tonal variability types. Both sandhi variability types showed slower increase of looks
to the target compared to no sandhi, between which near-merger sandhi was more difficult
to process than no-merger sandhi, reflected in the overall less proportion of looks to target
in the near-merger sandhi condition.

This chapter is the first study which shows that, prior to the access of the following
tonal contexts, the deviated tone itself has already exerted effects on listeners’ recognition
of speech, lending further evidence for tonal perception that speech perception is an

incremental process during which listeners constantly update their perceptual decisions of
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the incoming speech stimuli. From a methodological perspective, while traditional
perception studies on tone sandhi mainly rely on native listeners’ meta-linguistic knowledge
of whether one tone is changed to another, this chapter is also the first to look into how
lexical tones with different types of tone sandhi are processed online. Furthermore, this
chapter, from a perceptual point of view, has suggested the necessity of differentiating
tonal variability of different types that have been observed in Chapter 3.

Chapter 5 further investigates the nature of tone sandhi perception, as a follow-up
study of Chapter 4. This chapter asks whether the online processing of sandhi tones is in a
similar way to that of their non-sandhi variants of the same toneme or another lexical tone
which has been claimed as the sandhi output due to their f0 contour similarity. Via the
same Visual World Paradigm as in Chapter 4, this chapter examined how listeners process
tone sandhi targets when presented with different types of competitors, i.e., a Toneme
Competitor which has toneme overlap but no f0 contour overlap with the target, a
Contour Competitor with f contour overlap but no toneme overlap, as well as a
Segmental Competitor with neither toneme nor f0 contour overlap.

Results show that in all target types, participants were sensitive to the types of
competitors together presented with the targets. First, Contour Competitors and Segmental
Competitors play a comparable role during the initial activation of the target. Both show
greater inhibition of the target activation. Therefore, upon hearing the target word, only
the underlying toneme of the target word was concurrently activated together with the
segments at an earlier stage. Second, at a later stage, contour similarity between the target
and the Contour Competitor generally showed a comparable facilitation effect to that of
the underlying toneme overlap in the Toneme Competitor condition. This facilitation
effect due to f0 contour overlap was further observed between the target and the Contour
Competitor for near-merger sandhi targets.

In previous impressionistic studies, tone sandhi in many Chinese dialects has been
commonly regarded as the tonal change from one lexical tone into another lexical tone
within the tonal inventory, based on evidence from traditional perceptual studies using
offline meta-linguistic tonal discrimination tasks. This chapter is the first study showing,
with eye tracking data which reveal the dynamic processing of spoken words, that tone
sandhi does not have to be the categorical change from one lexical tone to another. Rather,
tonal sandhi variation is better viewed as allophonic variation of the underlying lexical
tones and are stored together with the lexical toneme as allotones in the mental lexicon.
Together with evidence form the acoustic data, this chapter, from a perception perspective,
casts serious doubts on the claimed nature of tone sandhi as the complete tonal
neutralization as proposed in the previous impressionistic literature on Tianjin tone sandhi.

Chapter 6 examined how the f0 realization of neutral tone is affected by global
prosodic factors such as prosodic structure. This chapter focused on the rising neutral tone
realization before a low-falling tone and asked whether Tianjin Mandarin has a special
rising neutral tone target as claimed, and how the f0 realization of neutral tone is
conditioned by different prosodic boundaries.

Via investigating the acoustic realization of the so-called “rising neutral tone” in

different prosodic boundary conditions and produced with different preceding discourse
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contexts, this chapter first shows that in Tianjin Mandarin, the rising neutral tone /0
contour before T1 does not need to be treated as a special tonal target. Rather, this chapter
argues that the raising effect is due to the anticipatory raising effect brought about by the
following T1, which is consistent with the general raising effect of T1 towards the
preceding lexical full tones as observed in Chapter 3. By increasing the number of neutral
tone syllables, a mid-low tonal neutral tone target emerges, which is of a similar nature to
that of the neutral tone in Standard Chinese. Furthermore, the results of this chapter
suggest an interesting effect of prosodic boundaries on neutral tone f0 realization.
Specifically, the raising effect due to the following T1 can be blocked by a high-level
prosodic boundary (i.e., a Subject-Predicate boundary) compared to a low-level boundary
(i.e., a below-NP boundary). Last but not least, the present chapter observed an interaction
of prosodic boundary and focus, where the effect of boundary was more cleatly observed
in Pre-Focus condition compared to the On-Focus condition despite the independent
implementation of the two effects, arguing further that focus and prosodic boundary are
two independent mechanisms that can interact to determine the phonetic implementation
of lexical tones.

Previous studies have shown that, prosodic boundaries play an important role in
conditioning the realization of segments and lexical full tones. This chapter provides the
first set of data on how neutral tone realization is affected by different prosodic
boundaries. Previous impressionistic studies propose that Tianjin Mandarin has a special
rising neutral tone target when the neutral tone is followed by a lexical low-falling tone
(Wang & Jiang, 1997; Wang, 2002; Lu & Wang, 2012), challenging our current
understanding of neutral tone based on data from Standard Chinese (Chen & Xu, 2000).
Results of this chapter suggest that this is not the case. While Tianjin Mandarin and
Standard Chinese do differ in terms of the lexical full tone system, where the low-falling
tone (T1) is present in Tianjin Mandarin but absent in Standard Chinese, the neutral tone
realization in Tianjin Mandarin exhibits the similar mid-low neutral tone target as observed
in Standard Chinese. It is the different lexical tone inventories between the two Mandarin
varieties that give rise to different neutral tone realization.

In conclusion, with data from well-controlled experiments, this dissertation has
demonstrated a rather complex structure of tonal variability in Tianjin Mandarin as well as
the perceptual consequences of tonal variability in speech recognition. Several further
implications can be made.

First, while most of the previous impressionistic studies have considered tonal
variability as the categorical change of tonal identity, by considering multiple factors that
might affect the realization of lexical tones in connected speech, this dissertation shows
that tonal variation might not be as simple as the lexical tonal identity change. This has cast
serious doubts on conclusions made on tonal variability in previous impressionistic studies.
On the one hand, this dissertation demonstrates that careful experimental examination of
tonal realization can reveal phenomena that have never been reported with impressionistic
observations, e.g., the anticipatory raising of a following low-falling tone, which can shed
light on theoretically important questions. On the other hand, our results show that some

of the variability described in the literature as due to special tonal representations or tonal
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alternation processes could already be well explained by taking into account multiple
factors that affect tonal realization. All of these new findings call for revisiting of the
theoretical accounts on tonal alternation based on solid empirical evidence.

Second, in previous studies on tonal variability, much research effort has been made
to understand how tones are varied in Standard Chinese. This dissertation demonstrates
different yet interesting tonal variability patterns in Tianjin Mandarin. It is to be noted that
Tianjin Mandarin is very similar to Standard Chinese not only in terms of the number of
lexical tones, but also in terms of the phonemic and the phonotactic systems. Yet the two
dialects show very different patterns of tonal variability and surface f0 realizations. This
study thus exemplifies that to gain better insight into the nature of tonal variability cross-
linguistically, futute studies on different dialects/languages ate in great need.

Third, the present dissertation is based on data elicited from a generation that is born
in the 1980s. It is possible that what have been reported in the impressionistic studies
could be observed in speakers of an older generation. It is therefore important to collect
data from older generations in the future to make cross-generation comparisons, results of
which would certainly have great implications on language changes.

Last but not least, findings of the present dissertation will also serve as a great testing
ground for further work in psycho/neuro-linguistic research to investigate the cognitive
and neural mechanisms of lexical tones and speech variability in both production and
perception.
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ENGLISH SUMMARY

As an important means of our daily communication, spoken language is notoriously rich in
its variability due to various factors. Previous studies have paid much attention to how
people produce and perceive different types of segmental variation typically in non-tonal
languages. The majority of the world’s languages, however, are tonal languages, in which
pitch patterns over syllables distinguish lexical meanings. Much less, however, has been
investigated and understood on how suprasegmental features such as lexical tones vary in
their acoustic realizations in different contexts in speech production and how the
variabilities further affect listeners’ perception of the lexical tones and the recognition of
speech. This dissertation provides a comprehensive study of both local and global tonal
variability in Tianjin Mandarin with a series of well-controlled experiments. Tianjin
Mandarin is well-known for its intriguing tonal variation patterns, and therefore presents as
a good test case for a better understanding of the tonal variability phenomenon.

The dissertation consists of seven chapters. Chapter 1 briefly introduces the main
research issues to be discussed in this dissertation, followed by a description of the
phonological system of Tianjin Mandarin in Chapter 2.

Chapter 3 sets out to investigate the f variability induced by two tonal variation
processes, i.e., tone sandhi and tonal coarticulation, which are known to greatly vary the /0
realization of lexical tones in a local domain. Previous impressionistic studies have
proposed complex patterns of tonal sandhi patterns over disyllabic constituents, as well as
the conflicting directionality of sandhi alternations and possible iterative application of
disyllabic sandhi rules over trisyllabic constituents. Via examining /0 variation of lexical
tones as a function of different following tones, this chapter observed an interesting
anticipatory raising effect of the lexical low-falling tone (T1) which has never been
mentioned in the literature. Furthermore, this chapter confirmed three tonal sequences
with tone sandhi changes: 1) two low-falling tones (T1T1), 2) a high-falling tone followed
by a low-falling tone (T4T1), and 3) two low-dipping tones (T3T3). These disyllabic tone
sandhi patterns, however, were not consistently observed within trisyllabic sequences, as
claimed in the literature. Specifically, while T3T3 showed sandhi application regardless of
its position within a trisyllabic sequence, T1T1 and T4T1 sequences showed sandhi
changes only when they were right aligned. Last but not least, no tonal neutralization was
observed over any of the sandhi processes. Rather, this chapter argues that T3T3 is a near-
merger sandhi case, while T1T1 and T4T1 can be classified as no-merger sandhi sequences.

Chapters 4 and 5 investigate the perceptual consequences of the local tonal variability
that has been discussed in Chapter 3. Chapter 4, via the visual world paradigm, examines
the effect of contextual tonal variation on speech recognition in Tianjin Mandarin, where
three types of contextual tonal variation have been observed: Near-Merger Sandhi, No-
Merger Sandhi, and No-Sandhi tonal coarticulation. Listeners were asked to identify the
target speech amongst an array of four possibilities upon hearing a disyllabic collocation,
while their eye movements were tracked. Results suggest that native listeners are sensitive

to fine-grained phonetic details in contextual variation of lexical tones. No-Sandhi
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Coarticulation was the easiest to recognize as participants fixated on the targets the earliest
among the three conditions. Between the two sandhi variation types, Near-Merger Sandhi
was more difficult to process than No-Merger Sandhi, reflected in the overall less
proportion of looks to target. To follow up, Chapter 5 further examines the nature of tone
sandhi perception. Previous perception studies with traditional meta-linguistic tonal
judgement tasks claimed great perceptual ambiguity between sandhi-derived tones and
another lexical tone in the tonal system, suggesting a complete lexical tonal neutralization
due to tone sandhi. This chapter, via the same Visual World Paradigm as in Chapter 4,
shows that the sandhi-derived tones are in fact perceived more similatly to their non-
sandhi variants of the same toneme rather than another lexical tone that is claimed to be
the output tone of sandhi change according to rules reported in previous impressionistic
studies. This chapter, therefore, from a perceptual perspective, confirmed that tone sandhi
does not involve the categorical change of one lexical tone to another. Rather, sandhi
derived tones are better viewed as just a variant of the lexical tone that undergoes tone
sandhi change.

Based upon findings for the local source of tonal variability as discussed in Chapters
3-5, Chapter 6 sets out to further understand how global factors might influence the tonal
/0 realization. This chapter examined the effect of prosodic boundaries on the neutral tone
realization in Tianjin Mandarin. Neutral tone refers to the prosodically weak element which
shows much reduced acoustic properties and great variability in the f0 realization. The
neutral tone in Tianjin Mandarin exhibits interesting context-dependent f0 realization,
where the neutral tone exhibits consistent rising f0 realization preceding a low-falling lexical
tone. The results showed that the rising neutral tone /0 contour before T1 does not need to
be treated as a special tonal target as claimed in the literature, but rather should be due to
the raising effect brought about by the following T1 as first proposed in Chapter 3. It is
shown that the neutral tone in Tianjin Mandarin has a mid-low neutral tone target similar
to that in Standard Chinese. In addition, by manipulating the prosodic boundary between
the neutral tone and the following T1, an interesting effect of prosodic boundary on the
neutral tone 0 realization was observed. Specifically, the raising effect due to the following
T1 can be blocked by a high-level prosodic boundary (i.e., a Subject-Predicate boundary)
compared to a low-level boundary (i.e., a below-NP boundary). Last but not least, this
chapter shows an interaction of prosodic boundary and focus, which further argues for the
independent implementation of the two mechanisms.

Chapter 7 revisits the research questions and concludes the main findings in this
dissertation. This chapter also discusses the limitations and provides suggestions for future

research.
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SAMENVATTING IN HET NEDERLANDS

Als een belangrijk middel voor onze dagelijkse communicatie is gesproken taal bijzonder
rijk aan variabiliteit dankzij verscheidene factoren. Eerdere studies hebben veel aandacht
besteed aan de wijze waarop mensen verschillende soorten segmentele variatie produceren
en waarnemen in typisch niet-toontalen. De meerderheid van de talen van de wereld wordt
echter gevormd door toontalen, waarin tonale patronen over lettergrepen lexicale
betekenissen onderscheiden. Er is echter veel minder onderzocht en bekend hoe
suprasegmentele kenmerken zoals lexicale tonen variéren in akoestische realisaties in
verschillende contexten van spraakproductie en hoe deze variabiliteiten verder invloed
hebben op de perceptie van lexicale tonen en de herkenning van spraak door luisteraars.
Dit proefschrift levert een diepgaande studie van zowel lokale als globale toonvariatie in
het Tianjin-Mandarijn middels een serie zorgvuldig gecontroleerde experimenten. Het
Tianjin-Mandarijn is berucht om zijn intrigerende patronen van tonale variatie en leent zich
daarom als een goede testcase om een beter begrip te bereiken van het fenomeen van
tonale variatie.

Het proefschrift bestaat uit zeven hoofdstukken. Hoofdstuk 1 biedt een korte
inleiding tot de belangrijkste onderzoekskwesties die in het proefschrift besproken worden,
gevolgd door een beschrijving van het fonologische systeem van het Tianjin-Mandarijn in
Hoofdstuk 2.

Hoofdstuk 3 onderzoekt de variabiliteit in f0 als gevolg van twee processen van
tonale variatie, nl. toonsandhi en tonale coarticulatie, waarvan beide bekend is dat ze grote
invloed hebben op de fU-realisatie van lexicale tonen binnen een lokaal domein. Eerdere
impressionistische studies hebben complexe patronen van toonsandhi voorgesteld over
tweelettergrepige constituenten en mogelijke iteratieve toepassing van tweelettergrepige
sandhiregels op drielettergrepige constituenten. Door fU-variatie van lexicale tonen te
onderzoeken als een functie van de verschillende volgende tonen, observeert dit hoofdstuk
een interessant anticipatorisch verhogingseffect op de lexicale laag-vallende toon (T'1) dat
niet eerder is opgemerkt in de literatuur. Daarnaast bevestigt dit hoofdstuk drie sequenties
van tonen waarin veranderingen optreden door toonsandhi: 1) twee laag-vallende tonen
(T'1T1), 2) een hoog-vallende toon gevolgd door een laag-vallende toon (T4T1), en 3) twee
laag-dippende tonen (T3T3). Deze tweelettergrepige toonsandhipatronen werden echter
niet consistent gevonden binnen drielettergrepige sequenties, zoals beweerd in de literatuur.
Specifiek vertoonde T3T3 toepassing van sandhi onafhankelijk van zijn positie binnen een
drielettergrepige sequentie, maar vertoonden T1T1- en T4T1-sequenties alleen sandhi-
aanpassingen aan het rechter uiteinde van de drielettergrepige sequentie. Als laatste werd er
geen tonale neutralisatie geobserveerd over enig sandhiproces. In plaats daarvan stelt dit
hoofdstuk dat T3T3 een geval is van #ear-merger-sandhi, terwijl T1T1 en T4T1
geclassificeerd worden als #o-merger-sandhisequenties.

Hoofdstuk 4 en 5 onderzocken de perceptuele consequenties van de lokale
toonvariabiliteit die wordt besproken in hoofdstuk 3. Hoofdstuk 3 onderzockt, middels

het visual world paradigm, het effect van contextuele tonale variatie op de herkenning van
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spraak in het Tianjin-Mandarijn, waar drie soorten contextuele tonale variatie geobserveerd
zijn: Near-Merger-sandhi, No-Merger-sandhi, en No-Sandhi tonale coarticulatie. Luisteraars
werden gevraagd om, na het horen van een tweelettergrepige collocatie, de bedoelde spraak
te identificeren uit een verzameling van vier mogelijkheden, terwijl hun oogbewegingen
gevolgd werden. De resultaten suggereren dat #ative luisteraars gevoelig zijn voor fijnmazige
fonetische details in de contextuele variatie van lexicale tonen. No-Sandbi-coarticulatie werd
het gemakkelijkst herkend, aangezien proefpersonen zich daar het snelst fixeerden op de
doelen onder de drie condities. Tussen de twee typen sandhi-variatie was Near-Merger-
sandhi moeilijker te verwerken dan No-Merger-sandhi, wat gereflecteerd werd in de algehele
lagere proportie van fixaties op het doel. Hoofdstuk 5 volgde dit op met verder onderzoek
naar de aard van de perceptie van toonsandhi. Eerdere perceptiestudies met traditionele
meta-linguistische toonbeoordelingstaken rapporteren grote perceptuele ambiguiteit tussen
tonen die afgeleid zijn van sandhi en andere tonen die aanwezig zijn in het tonale systeem,
hetgeen een complete neutralisatie van lexicale tonen suggereert als gevolg van toonsandhi.
Dit hoofdstuk toont aan, via het zelfde visunal world paradigm als in hoofdstuk 4, dat de tonen
afgeleid van sandhi echter als dichter bij de non-sandhi-variant van het zelfde toneem
waargenomen worden, dan als een andere lexicale toon die beweerd wordt de outputtoon
van sandhiverandering te zijn volgens de regels die eerdere impressionistische studies
rapporteren. Dit hoofdstuk toont daarom aan, vanuit een perceptueel perspectief, dat het
bij toonsandhi niet om de categorische verandering gaat van de ene lexicale toon naar de
andere. In plaats daarvan laten door sandhi afgeleide tonen zich beter beschrijven als
eenvoudigweg een variant van de lexicale toon die verandering door toonsandhi ondergaat.

Gebaseerd op de bevindingen voor de lokale oorzaak van toonvariabiliteit zoals
besproken in hoofdstuk 3-5 probeert Hoofdstuk 6 verder te begrijpen hoe globale
factoren invloed kunnen hebben op de realisatie van de tonale f. Dit hoofdstuk
onderzoekt het effect van prosodische grenzen op de realisatie van de neutrale toon in het
Tianjin-Mandarijn. Neutrale foon verwijst naar het prosodisch zwakke element dat sterk
gereduceerde akoestische eigenschappen en grote variabiliteit in f0-realisatie vertoont. In
het Tianjin-Mandarijn vertoont de neutrale toon interessante contextgebonden f0-realisatie,
inhoudende dat neutrale toon consequent een stijgende f0-realisatie vertoont voor een laag-
vallende lexicale toon. De resultaten laten zien dat de stijgende f0-contour van neutrale
toon voor T1 niet gezien hoeft te worden als een speciaal tonaal doel zoals beweerd in de
literatuur, maar verklaard dient te worden uit het stijgende effect veroorzaakt door de
volgende T1 zoals eerst voorgesteld in hoofdstuk 3. Aangetoond wordt dat de neutrale
toon in het Tianjin-Mandarijn een middenlaag neutraal toondoel heeft dat lijkt op dat in
het Standaardchinees. Daarnaast wordt er een interessant effect geobserveerd van
prosodische begrenzing op de realisatic van de fU van de neutrale toon, door de
prosodische grens tussen een de neutrale toon en de volgende T1 te manipuleren. Specifiek
kan het stijgende effect van de volgende T1 geblokkeerd raken door een hooggelegen
prosodische grens (d.w.z. een Subject-Predicaat-grens) gevolgd door een laaggelegen grens
(d.w.z. een grens onder de NP). Als laatste legt dit hoofdstuk een interactie bloot van de
prosodische grens en focus, hetgeen verder pleit voor een onathankelijke implementatie

van de beide mechanismen.
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Hoofdstuk 7 gaat terug naar de onderzoeksvragen en besluit de hoofdbevindingen in
het proefschrift. Dit hoofdstuk bespreekt ook de beperkingen van het onderzoek en draagt

suggesties aan voor verder onderzoek.
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APPENDICE

Appendix I

The size and location of the visual stimuli in the Visual World Paradigm were calculated as
follows, as illustrated in Figure I. As shown in Figure g, the diameter (D) of the 5° visual
circle (parafoveal visual region, as illustrated with circles in Figure I) on the screen was

calculated according to the formula: D = 2Xd Xtan g. Therefore, given the distance from

the eyes to the monitor (/=69cm), the diameter of each circle should be 6.03cm.

the distance (d) to the display is 69 cm.

a b
e
10
10
D 10
R
a I
l
I
14.56cm
------- -
d /
(C] 6.03cm
D =2 dtan(6/2) circle: 5-degree visual angle

Figure I llustration of the size and location of the disyllabic words.

As shown in Figure I, the fixation cross was located at the very center of the screen
(as illustrated with a black cross in Figure I). The screen was then divided into nine regions
according to the central circle with the fixation cross as the center. The circles for the four
words were located at the four corners respectively.

Each disyllabic word was typed in Song, and resized into a 2.5cm * 5cm rectangle (as
illustrated with the solid black rectangle in Figure I), which was maximally fit into the
circle; the farther side edge of the words were 14.56cm to the left or right of the screen
central vertical lines, and 13.31cm to the upper or lower of the screen central horizontal
lines.
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Appendix II
The full lists of disyllabic and trisyllabic words used in Chapter 3 are given below.

II-1. Disyllabic word list.

Tonal Morpho-syntactic Structures
Sequences Compound Modifier+Head Verb+Object
E2L] e 1
T1T1 die! ma! jial mao! wan! yao!
parents domestic cat 20 bend down
AR %% ik
T1T2 gui! mo? ge! mi? cail mi?
scale Sfans to guess a riddle
el LER/S i
T1T3 shu! niu’ cao! mi3 tui! 1i3
hub brown rice to reason
R % W
T1T4 guil nat guil mi* jiel mi*
to conclude girlfriends to reveal a secret
it SEi TR
T2T1 na? nie! bai2 mao! xing? yi!
to ponder white cat to practice medicine
BB pnpE [m] e
T2T2 pi2 mao? huo? mai? hui2 mou?
Jur 0 bury alive 20 look back
T2T3 tu? mo3 tuo? niao? tao? mi3
to smear ostrich to wash rice
Uik 11 ] FH
T2T4 chou? mi* hu? nao* duo? mu*
dense to matke trouble dazzling
i LTS Y
T3T1 niu3 niel nai’ mal shuang3 yue!
coy nanny 1o fail to keep an appointment
HERR R LA
T3T2 kai3 mo? tie? niu? qi3 mao?
model tractor to raise anchor
TX L8 RIS
T3T3 zi3 nt3 wu? nid xi% nao?
child dancing girl to brainwash
ES 0 S Ak
T3T4 mei? miao* guo’ mu* ba3 mai*
wonderful fruit tree to take one’s pulse
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LLE JE MR
T4T1 chu* mo! hou? ma! weit mao!
1o touch step mother 10 feed the cat
T I JBR Bl
TA4T2 ji4 mou2 ya* ma? xu* mou?
stratagem linen 1o premeditate
ey 35 D IR 4y
T4T3 gou* mai’ mi* ma3 wei nai’
to buy password to breastfeed
Y A a3
T4T4 zhou* ma* nei* mu# dao* mu#
1o curse inside story to rob a grave

II-2. Trisyllabic list 1: 666.

Tonal Word 1 Word 2
Sequences
e LR A
TITIT1 wullal guil sal ha! la!
Urngnay Sahara
[iip%¥a R 47401
TlTlTZ xj1 barﬂ yaz a1 la1 b()2
Spain Arab
A B (A
TIT1T3 xil lal 1i3 bal! ha! ma3
Hilary Bahamas
R0 BB
T1T1T4 yil lal ket ke! weil tet
Iraq Kuwait
X EE A BHe 3
T1T2T1 kun! de? lal ke! lun? po!
Kundera Colonbo
T EES gk
T1T2T2 ke! mo? luo? bal! ge? da?
Comoros Baghdad
W EZLES
T1T2T3 bal na2 ma3 duo! mingz wo3
Panama Domingo
JIEYN ) 7 F)
T1T2T4 jial na2 dat xiong! ya? li*
Canada Hungary
ZRhr R
T1T3T1 an! ka3 la! zhan! mu3 si!
Ankara James

137



# H Z Wik
T1T3T2 sul 1i3 nan2 duo! 1i3 da?
Surinam Dervida
FESH HoARE
T1T3T3 tuo! ma3 1i3 zhal ka3 1i3
Tomari Zachry
Z ) X EL I
T1T3T4 duo! pu3 le# gang! bi’ ya*
Doppler Gambia
e ki me
T1T4T1 feil Iv#4 bin! al ket lal
Philippine Accra
Wi 2 Ly
T1T4T2 ka! mai* long? wu! ke# lan2
Cameroon Ukraine
W B IR
T1T4713 ha! le4 mu3 an! dao* er?
Haarlem Abndorra
) e i
T1T4T4 jial 1i4 lte# bal! luo* ke#
Galilei Barogue
Jendiz ik hr
T2T1T1 ni? jia! lat da? la! sil
Niagara Dallas
LiEE A e
T2T1T2 bo? lal! tu2 de? heil lan2
Plato Tehran
[LEVES PR
T2T1T3 bo? la! mei3 lu2 sen! bao3
Polaner Luxcenbonrg
e W 58,
T2T1T4 1i2 ba! nen* ming? si! ke#
Lebanon Minsk
R % W
T2T2T1 jiz long? po! €2 luo? sil
Kuala Lumpur Russia
] pUik-¥o
T2T2T2 po? luo? men? di2 de? luo?
Brabman Diderot
(g Jea/R
T2T2T3 de2 lei2 mu3 ni2 bo? er3
Dremn Nepal
ik %224
T2T2T4 you? di2 tet ge? lan? tet
Udeet Grant
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5 B
T2T3T1 ya2 mai? jial lai? bi xil
Jamaica Leipzig
Mg BLik BT
T2T3T2 mei? li3> da2 tu? wa3 lu?
Merida Tuvalu
5RE (EEN™
T2T3T3 lao? ka3 lu3 bo? 1i3 wa?
Lokarus Bolivar
(EEzzil Yty
T2T3T4 bo? nu3 li4 wei? ye3 nat
Bernonlli Vienna
JBE G 5F R 2%
T2T4T1 mo?2 na* ge1 bo?2 1i4 zi!
Monaco Belize
% Yl FAHEIR
T2T4T2 luo? na* de? lu2 wang* da2
Ronald Rwanda
(SRR Je H/R
T2T4713 bo? ke# 1i3 ni2 ri* er3
Berkeley Niger
Yk o F 1
T2T4T4 wei2 ke# tet hua? sheng* dun*
Victor Washington
EE L ESPNk
T3T1T1 tad bo! la! mei3 yin! zi!
Tabora Maing,
thAE e &
T3T1T2 bi3 jil ni2 ma? lal wei?
Bikini Malawi
AP RIS
T3T1T3 guo’ ge! 1i3 1i3 si! ben3
Gogol Lisbon
PRl EE 14
T3T1T4 fa3 la! li4 suo’ feil ya*
Ferrari Sofia
¥ Bl Jefr
T3T2T1 hai3 ming? wei! ma3 ni2 la!
Hemingway Manila
RIiE 2]
T3T2T2 ka3 lin2 da? suo? luo? men?
Kalinda Solomon
e et
T3T2T3 ma3 de? li3 niu3 lun? bao3
Madrid Nuremberg
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o H W
T3T2T4 ma’3 qi2 dun* ta’ ji2 ke#
Macedonia Tajik
KL 5 H Atk
T3T3T1 ka3 mi3 lal ma3 er3 tal
Camtilla Malta
L +THH
T3T3T2 ma3 1i3 lan2 tud er3 qi2
Maryland Turkey
KGR RIER
T3T3T3 suo3 ma3 i3 ka3 ta3 er3
Somalia Qatar
SR 2 T 48
T3T3T4 jian3 pu zhai* ya? dian3 na*
Cambodia Athena
R FUL2%
T3T4T1 ka3 nai# ji! wa3 du# zil
Carnegie Vadnz
e By
T3T4712 pu gi* ni2 bi3 li* shi2
Puccini Belginm
CYValii IR
T3T47T3 ma?3 liut jia3 ma3 shao* ef3
Malacca Marshall
LTI 4% LA %)
T3T4T4 ma3 li* nat yi3 set lie*
Marina Isreal
EAyIlIEDA = -Yiiiks)
T4T1T1 meng? jial la! mo# xi! gel
Bengal Mexcico
MTER S XHEW
T4T1T2 bu# lal ge? sheng# jil ci?
Prague Saint Kitts
78 mEL
T4T1T3 ai* ding! bao3 204 bal ma3
Edinburgh Obama
B L8t
T4T1T4 mai! dang! na* 204 sil lut
Madonna Oslo
BB e
T4T2T1 luo# lun? zi! mu* ni2 heil
Lorenty Munich
oA Tl
T4T2T2 bu# lai2 mei2 bu* long? di2
Bremen Burundi
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st WA
T4T2T3 luo* lun? zuo3 li4 tao? wan3
Lorenzo Lithuania
B3R SRR
T4T2T4 204 lan? zhi4 ke# lin2 dun#
Orange Clinton
A& hi [GTEZ
T4T3T1 pa* mei3 la! sat wa3 duo!
Pamela Salvador
i 5 Jé TR
T4T3T2 bu# 143 ni2 ai4 er? lan?
Bruni Ireland
T3 2
T4T3T3 yat meid 1i3 man#* hai3 mu3
Amelie Mannheim
L ) b
T4T3T4 bu# lu3 nuo* 1i* bi3 yat
Bruno Libya
1M 2% JEREPE
T4T4T1 luo* peit zi! lu# te# dan!
Lopez Rotterdam
F 5 BE s
T4T4712 bai* zhan* ting? mi4 ke# luo?
Byzantium Mikro
T DU KT
T4T4T3 rui4 beit ka3 luo* li4 ta3
Rebecea Lolita
L I
T4T4T4 204 di4 1i4 yi¢ dat li*
Austria Italy
II-3. Trisyllabic list 2: 66+0.
Tonal Word 1 Word 2
Sequences
Hahi bl HHE
TITIT1 tuo! lal ji! chu! zu! che!
tractor taxi
NEJR LR
TIT1T2 gong! an! ju? gong! shang! ju?
police station Trade and Industry Burean
BT %% THL
TIT1T3 la! ding! wu? feil ji' chang3
Latin dance airport
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HEH

RFEE

TIT1T4 jit du! jiao* fu! qi! dian*
Christianity Samily-run shop
il RIRE
T1T2T1 jin! yu2 gang! tian! lang? xing!
goldfish tank Stirius
5 ek LR
T1T2T2 wu! long? giu2 an! quan? ju?
own goal Security Burean
ik VKERTF
T1T2713 cong! you? bing’ bing! qiu? shou?
onion pancake hockey player
BEHEE e
T1T2T4 zil ge2 zheng? zhu! luo? ji*
certificate Jurassic
BAR AstIX
T1T3T1 7i! ben? jia! feng! jing® qu!
capitalist scenie district
=E B
T1T3T2 zong! zhu? guo? zil chan3 quan?
sugerain property rights
B A RAK P
T1T3T3 ban! dian3 gou? shen! shui3 gang?
Dalmatian dog deepwater harbor
REH BEE 2
T1T3T4 tian! zhu? jiao* ban! ma3 xian*
Catholicism zebra line
HIRK Ak
T1T4T1 yin! yue# jial sheng! wu* zhong!
musician biochronometer
LIRIN TAESE
T1T4T2 jil qi* ren? gong! zuo* kuang?
robot workaholic
Fid®k L&
T1T4T3 deng! ji4 biao? gong! yi pin
registration form handicraft
K i AW
T1T4T4 guan! di* miao* sheng! wu* lian*
Temple of General Kuan Jood chain
FE B 8] ATIX
T2T1T1 lou? ti! jian! hong? deng! qu!
stairwell red light district
i T4
T2T1T2 yu? gan! you? chuan? bo! xue?
fish oil commmunication
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&7

T2T17T3 fu2 zhuang! chang3 liu? xing! yu3
garment factory meteor shower
7 A% LI
T2T1T4 ya? zhou! bing* shen? jing! bing*
periodontal disease psycho
F AR AT R
T2T2T1 nanZ ji2 zhou! liu? xing? ge!
Apntarctica pop song
e H ke
T2T2T2 hu? die? jie2 zhi? chang? ai2
bow knot rectum cancer
BEFRY) WATIE
T2T2T3 lan? giu? chang3 liu? xing? yu3
basketball court popular word
RE A SR
T2T2T4 neng? yuan? bu# shen? nong? jia*
Ministry of Energy (a place in Hubei Province)
ARG SR
T2T3T1 ping? ban3 che! ping? ding3 shan!
trolley (a city in Henan Province)
JeH R A7
T2T3T2 long? jing® cha? niu? zai3 qun?
Longjing tea Jeans skirt
L R
T2T3T3 chang? duan? tui’ hua? biao? jiang?
leg length discrepancy Marble Pillar Award
BRI FHL
T2T3T4 ying? yang3 ye4 han? wu3 ji*
nutrient Cambrian
e i
T2T4T1 za2 ji* ban! za2 huo# tan!
acrobatic team grocery stall
PR F35
T2T4T2 guo? ging* jie? za2 ji* tuan?
National Day acrobatic society
R PR
T2T4T3 you? le* chang? wan? ju* chang?
playground toy factory
T2T4T4 ji2 bing* ce* tang? niao* bing*
list of diseases diabetes
IR EAT BT
T3T1T1 shan3 guang! deng! mei’ guang! deng!
flash light limelight

143



K Fk

BESRA

T3T1T2 huo? che! tou? mu? gin! he?
locomotive mother river
4SRN JTRE
T3T1T3 jiang? jin! ka3 guang? dong! sheng3
bonus card Guangdong Province
K KT
T3T1T4 huo? che! piao* huo3 che! zhan*
train ticket train station
TAH R
T3T2T1 zhu? ren? weng! 1i% cheng? beil
hero milestone
LIPS bk g
T3T2T2 gou? tou? zha? bei? ji2 xiong?
kobold guillotine polar bear
AERS e
T3T2T3 da3 zhe? ka3 si% wang? gu?
conpon death valley
RAEM o
T3T2T4 you? ging? jia* kong? long? dan#*
friendly price dinosanr egg
i TOE
T3T3T1 gu® dong? che! bao? ma3 che!
antique car BMW car
KAEHT AR
T3T3T2 huo? ba? jie2 1i3 xiang? guo?
torch festival Utopia
R RGN
T3T3T3 yan? jiang3 gao3 zong? tong3 fu3
speech text president office
T o LR
T3T3T4 ya® bao3 lu# lao® hu? deng?
Yabao Road tiger bench
AR ML ELa
T3TA4T1 ke3 le4 jil bai® ye# chuang!
coke machine venetian blind
frfEER FLMR S
T3T4T2 bao? jian* qiu? rud xian# ai?
bowling breast cancer
SR ESTAPN
T3T4T3 tong? ji* biao3 bi3 ji* ben?
statistic form notebook
SRR 4] FIED M
T3T4T4 gan’ tan* ju* da3 yin* dian*
exclamatory sentence print shop
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SN ZE T E
T4T1T1 wait jiao! guan! di4 fang! guan!
diplomat local official
PN HALS
T4T1T2 tai* kong! chuan? dian# ji! fang?
spaceship engine room
R HREAR
T4T1T3 gui bin! ka3 bian* gian! zhi3
VIP card sticker
ShAc AE 5
T4T1T4 wai4 jiao! bu# tai* kong! zhan*
Ministry of Foreign Affairs space station
HERAY Fent s
T4T2T1 di* qiu2 cun! gong* ming? giang!
earth village resonance cavity
KV 1R B
T4T2T2 tai* ping? yang? xing# pi? ni2
Pacific Ocean Pplasticine
HIKM PBRER T
T4T2T3 hu lian? wang? bang* giu? shou3
Internet baseball player
SRk o
T4T2T4 wai* 1ai2 mei# kong* ge? jian*
girls from other places space bar
LT FEAR 8]
T4T3T1 dian? zi3 zhong! yang* ban?3 jian!
electronic clock sanmple room
ATE A HLFE T
TAT3T2 dao* ban? pan? dian? ying? jie2
pirated CD Sfilm festival
TR HIFE
TAT3T3 dian* zi® biao3 dian* ying3 zhan3
electronic watch movie exchibition
R HLFZ B
TA4T3T4 dian* ying® piao* dian? ying® yuan*
movie ticket cinema
LN 5L
T4TAT1 ji4 nian* beil ji* suan* ji!
monunent compunter
RN HLAE R
T4T4T2 ji* nian* tang? dian? xin# ju?
memorial hall tele-comm office
(EIERS PRV
T4T4T3 xin4 yong* ka3 ji4 yit d3
credit card RAM
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AE TR
T4T4T4 shu# ju* ku* ji4 suan* qi4
database calculator
I1-4. Trisyllabic list 3: 6+66.
Tonal
Word 1 Word 2
Sequences
L% ML
TITIT1 gao! gong! zi! xin! feil ji!
bigh salary new aircraft
B Z itk
TIT1T2 xin! zhong! guo? duo! gong! neng?
new China multi-function
R S
TIT1T3 kuan! jian! bang3 guang! wu! ran3
wide shoulder light pollution
BEER BAERE
TIT1T4 qing! yin! yue* xin! hua! yang*
light music new trick
T 55 XUHR T
T1T2T1 gan! 42 jin! shuang! zhi2 gong!
dry tendon working parents
PSR FERIAR
T1T2T2 dong! bo? lin2 xi! bo? lin2
East Berlin west Berlin
B i 2p- 4
T1T2T3 xin! you? tong? xian! niu2 nai3
new oil tank fresh milk
IR A RCIN
T1T2T4 xin! you? jian* xin! ci2 hui4
new mail new vocabulary
magh THAE
TIT3T1 shi! zhi? jin! ging! fu3 yin!
wet tissue voiceless consonant
W% & HI
T1T3T2 zhu! kou3 tiao? jin! er? huan?
pig tongne gold earring
Brag B
T1T3T3 xin! zong3 tong? xin! chan? pin3
new president new product
QLT G 4
T1T3T4 qin'! jie’ mei* xin! chan3 ye4
blood sister new industry
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T

BRLX

T1T4T1 shi! mian* jin! xin! xiao* qu!
wet facial tissue new campus
VZPN7] el
T1T4T2 zhu! da#* chang? xin! ji* yuan?
Dig intestine new era
iy HPN |
T1T4T3 xin! dian* ying3 hua! da* jie3
new movie ladybug
B SR
T1T4T4 xin! gai* nian* zhong! shi ji4
new concept middle age
EEE: TR
T2T1T1 tuan? zhong! yang! mao? zhi! zhu!
leagne center bairy spider
LT RACH
T2T1T2 hong? ging! ting? ci2 hua! ping?
red dragonfly ceramic vase
AREK K
T2T1T3 hong? cao! mi3 ling? zeng! zhang?
red rice ero increase
JAHS 2 7 o
T2T1T4 xian2 yal! dan* pi? che! zuo#*
salty duck egg Jeather seat
ERaRid 53 IR
T2T2T1 lan?2 ci? zhuan! nan? tong? bao!
blue ceramic tile Sellow men
I ES RS
T2T2T2 qian? wang? chao? ming? chang? cheng?
previons dynasty Ming Great Wall
FER YT
T2T2T3 du? ping? guo? nan? qi2 shou?
toxic apple male flag-bearer
Ji 3 HER
T2T2T4 xian?2 bai? cai# ci? yang? shu*
salty cabbage Sfemale poplar
ERLY U
T2T3T1 chun?jiu3 jing! zhuo? fu? yin!
pure alcohol voiced consonant
A= WEA
T2T3T2 hong? zui® chun? lan2 bao? shi?
red lip sapphire
GIR=S2D L
T2T3T3 qian? zong? tong? nan? bao® mu?

Sormer president

male nanny
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WAL ML
T2T3T4 lan2 kong3 quet ci? kong? que*
blue peacock Sfemale peacock
B HA#2
T2T4T1 nan? wei* bing! bai? chen* shan!
male gnard white shirt
EARE S P Bk
T2T4T2 hong? gi* qiu? nan? ban* giu?
red balloon soutl) hemisphere
TRACRY 2. 587K
T2T4T3 yuan? dai* ma3 hong? mo#* shui3
sonree code red ink
4 H3) Eoy iR
T2T4T4 quan? zi* dong* quan? shi4 jiet
automatic entire world
W& GBI
T3TIT1 jia® guan! yin! dang?® zhong! yang!
fake Buddha party center
NFE gyt
T3T1T2 xiao? jia! ting? z13 qing! ting?
small family purple dragonfly
thE ¥ VSEES
T3T1T3 weid jun! zi3 shui? wu! ran3
hypocrite water pollution
e IS
T3T1T4 leng3 kong! qi* zong? sil ling*
cold air general commander
A% FE
T3T2T1 jia3 tou? zi! jia3 jie? hun!
fake investment fake marriage
INRE EAEES
T3T2T2 xia0? ti2 qin? lao? tong? xue?
violin old classmate
BT e
T3T2T3 mei3 1i2 zi3 jiad 1i2 zi3
magnesinm ion potassium ion
L= WL
T3T2T4 ruan3 bai? cai4 ruan3 shi? li4
soft cabbage soft power
LR FEK
T3T3T1 nt3 zhu3 bo! si3 huo3 shan!
anchorwoman dead volcano
e Nk
T3T3T2 lao® dang? yuan? xiao? lao? tou?
old party member little old man
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UG g gstiil
T3T3T3 nii? zong3 tong? nii3 zong? 1i3
female president Sfemale prime minister
gl /NIRBE
T3T3T4 213 kong? que? xiao3 yang? jing*
purple peacock small glasses
TN IKALT5
T3T4T1 xiao3 qi* che! shui’ li* fang!
small car Water Cube
PHBRL E4 YN
T3T4T2 wei? zheng* quan? ni3 duit yuan?
puppet regime female member
ZHY PR
T3T4T3 lao3 dian* ying3 wei zheng* fu3
old movie puppet government
R L IR
T3T4T4 jia® mian4 ju* xia03 bao4 gao4
guise secret report
4N 2% Tt
T4T1T1 ying* gang! kuil shi4 zhong! xin!
hbard helmet city center
G A
TATIT2 jiut zhong! guo? da* jia! ting?
old China big family
T4T1T3 fu* zeng! zhang? zhong# jin! shu3
negative increase heavy metal
A% A i
T4T1T4 jiut jial ju* ban* feng! jian*
old furniture semi-feudal
FIUH KAEH
T4T2T1 ban* yuan? yin! da* xiong? mao!
semi-vowel Giant panda
RR K&
T4T2T2 chou? liu2 mang? dat jie? ju?
hooligan finale
SR UACER
T4T2T3 ret niu2 nai3 fu# 1i2 zi3
hot milk anion
BRE SR PR
T4T2T4 la* bai? cai* da* ping? mu#
spicy cabbage large screen
JEJE R e
T4T3T1 hou* jiao3 gen! fu* zhu? bian!
thick heel vice editor-in-chief
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JE G B REH
T4T3712 lou* lian3 pi2 dai* zong? cai?
cheeky acting CEO
REIL KAHE
T4T3T3 chout lao? jiu3 da* mu3 zhi3
intellectnal thumb
=& FL I 2%
T4T3T4 jiu* guang® gao# dian* nuan3 gi*
old commercial heater
T fi LR
T4T4T1 ya* jian* kang! dian* fan* guo!
sub-health rice cooker
A BR Btk
TA4T4T2 ret qi* giu? ret kang* tou?
hot air balloon heated bed
JE R AR AR HbAR
T4T4T3 fei* bao* zhi3 mu# di* ban3
waste newspaper wooden floor
B EE FH3)
TAT4T4 man* dong* zuo* ban*zi* dong*

slow motion

senmi-antomatic
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Appendix III

The full list of stimuli in Chapter 4 is given below.

III-1. Near-Merger Sandhi targets and respective segmental competitors.

L N of Bigram
Stimuli s - . Mutual
req. rokes Info.
(=N 13 £43
Target Rk (Zhl fa?) 0.9 17 -0.72
1 Jingering
N i4 hout
Segmenfal W) (zhi* hou?) 0.95 18 B
Competitor lag
I 3 xiano3
Target F2IH (fan xiang’) 1.83 13 3.72
5 repercussion
IG5 4 54
Segmenfal YA (Fant 1i4) 123 16 )
Competitor exanmple
3 bend
Target Wi (du ben?) 0.48 17 0.61
3 money for gambling
Segmenfal P @u4 zhuan#) 1.43 2 )
Competitor to fabricate
I 3 yvou’
Target WA (@u you) 0.48 16 437
4 gambler friend
Segmental FEAR (du? jia%) 285 20 )
Competitor 10 take a vacation '
; 3 3
Target I (f shou’) 1 19 8.12
5 to be obedient
Segmental B35 (Fut Tud) 0.9 15 )
Competitor appendix '
3 vano3
Target PETR (fu yang?) 2.59 16 7.85
6 10 bring up
Segmental TR (fu* zhai%) 1.58 16
Competitor debt -
R ud i3
Target LES (.}u shut?) 1.86 12 5.07
. raimwarter
Segmental T (yut gou) 03 18
Competitor purchase in advance N
=4 3 3
Target I (#hu? guan?) 2.69 19 409
g person in charge
Segmental VERE (zhu? shi%) 1.49 20 )
Competitor annotation -
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jjAm (hu3 kou?)

Tatget 1.46 11 4.03
0 aee Jaws of death
Segmental H (hut zhut) 18 11 )
Competitor to help each other '
/ 3 3
Target HAE (huo? ba?) 1.91 11 3.14
10 torch
Segmental TRae (huo* jia%) 1.63 17 B
Competitor goods shelf o
i i3 chi3
Target FER (#hi chi) 1.15 13 14.10
1 very short distance
Segmental il 7€ (zhi* ding?) 251 16 B
Competitor to formulate -
W (yand jian3
Target R (yan jian?) 1.45 23 8.18
eyelids
12
Segmental PR (yan* wut) 261 16 B
Competitor to dislike -
3 3
Target LI (shi® guan?) 1.57 19 432
13 embassy
’ Segmental FHAF (shi* jian®) 344 14 )
Competitor event N
Target 2 (0 gai) 0 10 5.63
land reform
14 )
Segmental B (tut roud) 1.04 14 B
Competitor rabbit meat -
g 3 3
Target S (tong? guan’) 0.3 23 0.06
overall administration
15
Segmental JEMR (tong* hen?) 230 2 )
Competitor to hate B
rano3 jiao3
Target f1ff (yang? jiao?) 0.3 13 1.84
angle of elevation
16 ; ) .
Segmental FE (yang? shi%) 1.81 16 B
Competitor pattern -
= 3 3
Target s (zhi? dao’) 2.68 15 7.43
guide
17 s .
Segmental il 3% (zhit zao?) 30 18 B
Competitor to manufacture N
D (i mad
Target R (g ma) 2.99 18 6.61
at least
18 E——
Segmental BT (qit fend) 206 16 B
Competitor Jurious -
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III-2. No-Merger Sandhi targets and respective segmental competitors.

L N of Bigram
Stimuli E 08 St 12 Mutual
req. rokes Info.
= (Giano! shil
Target B Giang! shit 2.63 18 9.44
) mummy
1 IR (11 4 4
Segmer%ta 7% (jiang* luo®) 284 20 .
Competitor 20 land
7N oAl 1
Target RJJ (jiant daot) 0.9 8 7.25
5 sharp knife
Segmental iR (jian* bian?) 03 19 B
Competitor to change graudually N
S (dil val
Target fIGHE @it yah 1.23 13 224
5 low pressure
’ Segmental HF (dit shi%) 13 14
Competitor topography N
= (iian! 1
Target JR 3 (jian' zhang) 1.15 19 472
. shoulder badge
W a4
Segmer%tal ¥ (jian? jiang?®) 132 19 B
Competitor athelete
2R (el <inl
Target AL (jiaot xin') 14 10 20,99
5 20 lay one’s heart bare
Segmental HH (iao* jut) 0.78 19
Competitor teaching ads '
R 1 xin!
Taget oL shou xin') 0 10 0.28
6 tfo get serions
J
21 4 ket
Segmer{tal IR (shout ket) 132 27 B
Competitor 1o teach
2 oul 1
Target BB Gou shengl) 0.3 11 0.88
; healthy birthing
Segmental A (yout biant) 0 17 )
Competitor mutagenesis
% 1 bian!
Taget Wi (shou' biant) 0.3 18 3.78
8 o incorporate armies
Segmental 2 (shou* hui%) 17 18 )
Competitor 2o take bribes '
258 1 1
Target R (da che’) 111 16 3.46
0 10 get a lift
4 mait
Segmer%tal K (da* mait) 132 10 .
Competitor barley
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A (shi* jiant)

Target 212 12 4.2
© world
10
Segmental S (shid ce?) 178 10
Competitor bistorical records ’
NG i chel
Target U (qit che) 312 1 9.38
" car
Segmental 1 S (i3 yi%) 1.91 13
Competitor revolt ' )
LB (it 1
Target #H (g guan') 2.48 24 6.27
. organ
= N
Segmer%tal 2.1 (qi® gai?) 212 7 }
Competitor beggar
N - 1
Target HL (yu' gang) 2.44 19 11.22
. N bathtub
- B (vl lud
Segmer{tal WK (yud lud) 115 17 B
Competitor guotation
X (shi* qul
Target X (shit qu) 2.4 9 5.59
urban area
14
Segmental IR (shid huai®) 1.43 15 -
Competitor to play dirty o
T 4 1
Target WL (wut gong!) 03 12 34
15 absent from work
Segmental FE (wud jud) 078 24
Competitor dance drama '
= 4 ¥ A 7.4 inl
Target 7rL (it xin’) 0.48 10 1.19
1 disloyalty
J
Segmental RS (yi3 bei) 111 21
Competitor back of chair ’
Py
Target i (zhit xiao) 0.3 24 9.08
. © unsaleable
Segmental 4% (zhi3 bi%) 161 1
N . .0 -
Competitor paper money
2b (mian 1
Target 2y (mian® shal) 1.77 16 3.46
18 vei/
Segmental G Bt (mian3 shui) 179 19 )
Competitor duty-free '
III-3. No Sandhi targets and respective segmental competitors.
L N of Bigram
Stimuli s Sk Mutual
req. rokes
«d € Info.
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ko (ji* xu®)

Target ) 3.67 21 11.76
1 to continne
Segmental FIE (i3 yal) 182 15 i
Competitor 1o press -
=& (vi* yuant
Target B (" yuan?) 2.45 27 2.3
5 wish
Segmental LI (yi3 ganl) 0.6 8
s 6 -
Competitor hepatitis B
1| (shi4 1i4
Target B (shit 19 111 16 2.14
exanple
3 S 1 S$RF (shi3 shil
egmen-ta 5F (shi3 shil) 172 13 )
Competitor epic
VATV
Target %IX (jiao® 1Y) 1.81 14 32
4 religions regulations
2IN e ..
Segmen-tal JE1ZR (jiao3 jian1) 1.93 17 )
Competitor tiptoe
4 ghi4
Target L (qut shit 3.02 10 2.55
5 to pass away
Segmental HUYH (qu3 xiaol) 308 13 )
Competitor to cancle N
4 ghi4
Target 17 (shang? shif 1.97 8 0.48
¢ 20 go on market
J
Segmental ok (shang3 guangl) 1.45 18 )
Competitor 10 honour with presence ’
ST (ian3 cha?
Target F2E (ian® cha?) 3.37 20 11.24
; 10 check
TR A
Segmen-tal DL (iand jie3) 201 17 )
Competitor opinion
e
Target FiIEL ian® zhi?) 3.41 21 8.86
g simply
Segmental M (ian4 zhang3) 22 14 i
Competitor captain '
5 3 2
Target Ft (zha? %) 277 17 45
topic
? S 1 fEHE (zhu4 zhi3
egmen-ta £ UL (zhu4 zhi3) 233 14 )
Competitor home address
W4 3 he2
Target W% (wen® he?) 2.55 13 5.6
10 to match
Segmen-tal A 4f (wen4 hao3) 264 12 i
Competitor 10 greet
2 3 xie2
Target W (ruo? xie?) 2.39 13 11.25
1 to compromise
Segmen-tal i} (tuod zhan3) 172 13 )
Competitor 10 develop
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B8 (zhi> ming?)

Target ) 1.93 17 0.46
12 to point ont
Segmental JAR (zhi4 pu3) 1 14
Competitor simple
i3 cet
Target Sl (shi? ce) 1.73 10 6.21
13 historical records
) Segmental AR (shi4 zhi3) 108 15
Competitor regeant paper -
o 3 hui
Target FRE (o hui) 2.76 20 3.98
14 Prom
Segmental WI5* (wud chan3) 07 14
Competitor resonrce '
= 3 ygd
Target A (xlang? yu) 1.04 21 6.36
15 to enjoy fame
Segmental F M (xiang4 kou3) 0.6 12
. .0 -
Competitor end of alley
354
Target T (shou? ju) 0.48 17 13
16 hand saw
J
Segmental /N (shoud xiao3) 1.63 17
Competitor thin and small o
3 3 ija4
Target H i (shu jia®) 225 23 11.06
17 summer vacation
Segmental A1 (shud yu3) 204 14
Competitor termiology -
S 31
Target Fib3 ian? lit 2.22 17 46
18 resumé
Segmental f#3 (iand mei3) 1.62 19
Competitor fitness -
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Appendix IV

The full list of stimuli in Chapter 5 is given below.

IV-1. Near-Merger Sandhi targets (T37T3) and respective competitors.

Bigram
o Log N. of
Stimuli P Strok Mutual
req. troke Info.
= 13 £23
Target HRIE (ehic f20) 0.9 17 -0.72
fingering
Tonerr?e 4WAH (2hid xiang?) 13 2 )
Competitor carton
1 .
Contogr IRFR (zhi2 cheng!) 0.48 2 )
Competitor professional title
Segmental Wi 5 (zhi* hout) 0.95 18 )
Competitor lag
3 xiano3
Target JIH (fan® xiang) 1.83 13 372
repercussion
33l
Tonerr?e i (fan3 jit) 254 9 )
Competitor counter-attack
2 N
Contour JUIE] (fan? jian?) 12 10 )
Competitor the mortal world ’
b 4 154
SegmenAtal YA (Fant 1i4) 123 16 )
Competitor exanmple
I 3 3
Target WA (du? ben) 0.48 17 0.61
money for gambling
3 chel
Tonerr?e HZE (dud che) 2.09 15 )
s Competitor traffic jam
’ Contogr B (du? yinl) 128 19 )
Competitor pronunciation
I (qud 4
Segmental FL4E (du* zhuan?) 1.43 Py )
Competitor to fabricate
3 voud
Target MR (@u? you?) 0.48 16 437
gambler friend
3 chel
Tonerr?e 4 (dud che) 2.09 15 )
4 Competitor traffic jam
Contour B (du? Zit) 0 19 )
Competitor exclusive investment
SegmenAtal FEAR (dut jia%) 585 20 )
Competitor 1o take a vacation
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R (fud shoud)

T 1 19 8.12
arget 10 be obedient
% (fud xiul
Tonerr?e H1Z (fus xiul) 03 20 N
Competitor to minor in
5
Contour R (fu2 tet) 0 15 )
Competitor to fit perfectly
43 4
Segmer%tal B33 (Fut Tud) 0.9 15 )
Competitor appendix
3 yano3
Target BEFR (o yang) 2.59 16 7.85
to bring up
; : 1
Toneme i§ £ (fud shent) 1.49 17 )
Competitor 10 bend down
¢ Contour A (fu? zhuang?)
-ontot & 2.96 20 -
Competitor clothes
(== 4
Segmer%tal AT (fu? zhait) 1.58 16 )
Competitor 1o debt
T 03 shuid
Target MK (yu? shui?) 1.86 12 5.07
rammyarter
S Y 113 dil
Toneme MY (yud dit) 134 2 )
Competitor raindrop
o
Contour AR (yu2 xial) 03 17 )
Competitor Sfish and shrimps h
Segmental T (yut goud) 03 13 )
Competitor to purchase in adpance
Target FH (zhu guan?) 2.69 19 409
person in charge
Toneme F I (zhud gong!) 13 12 B
Competitor main attack -
8
Contour 125 (zhu? qiant) 0 19 )
Competitor bamboo stick
Segmental R (zhu* shi%) 1.49 20 )
Competitor annotation
. 3
Target JEH (o kou) 1.46 11 403
Jaws of death
Toneme PRI (hud weil) 0 17 )
0 Competitor power and prestige
Contour I (hu? bian?) 2,39 17 )
Competitor lakeside
Segmental H I (hut zhu?) 18 1 )
Competitor 10 help each other
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KA (huod bad)

T 1.91 11 3.14
arget torch
Toneme KEA (huo3 guo?) 134 16 )
Competitor hot pot
10 -
Contour TP (huo? zhuo!) 1.92 19 )
Competitor capture alive
Segmental TRZE (huot jia%) 1.63 17 )
Competitor goods shelf
" i3 chi3
Target FERR (#hi chi) 1.15 13 14.10
very short
Toneme B4R (zhi3 jian?) 175 15 )
Competitor finger tip
11
Contour IRFR (zhi2 cheng!) 0.48 21 )
Competitor professional title
Segmental il (zhi* ding*) 251 16 )
Competitor to formulate
15 74 311 <
Target R (yaos jian?) 1.45 23 8.18
eyelids
Toneme IRZk (yan3 zhut) 1.83 21 B
Competitor eyeball
12 .
Contour FEI (yan? shil) 0 13 )
Competitor strict teacher
Segmental P& (yan* wud) 261 16 )
Competitor to dislike
3 3
Target BRI (shi? guan) 1.57 19 432
embassy
Toneme UH K (shid fal) 0.6 13 )
Competitor departure
13
Contour B8l (shi2 zhong!) 5 16 )
Competitor clock
Segmental A (shit jian®) 3.44 14 )
Competitor event
T 2 (0 gai) 0 10 5.63
arget A .67
land reform
Toneme t e (tud qiut) 0.7 8 )
Competitor mound
14
Contour EI£T (tu2 ding?) 13 15 )
Competitor drawing pin
Segmental B (tut roud) 1.04 14 )
Competitor rabbit meat
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G (tong? guand)

Target 0.3 23 0.06
overall administration
Toneme SR (tong? cheng?) 07 19 )
15 Competitor general term ’
Contogr [F] 5 (tong? zhuo!) 0.78 16 )
Competitor deskmate
Segmer%tal SR (tong* hen?) 23 21 )
Competitor 0 hate
1 rano3 jiao3
Target st (ang j1ac?) 03 13 1.84
angle of elevation
Toneme FRE (yang? sheng!) 0.7 14 )
1 Competitor to maintain good health '
J
tE (vano? 1
Contogr F7& (yang? gaol) 1.91 16 )
Competitor lamb
Segmer%tal FEFX (yang* shi%) 1.81 16 )
Competitor pattern
= i3 3
Tatget T (Zhl_ dao?) 2.68 15 7.43
to guide
4 SR
Tonerr?e 4RI (zhid jinl) 233 10 )
Competitor tissue
17 . .
2 1
Contogr HE i (zhi2 shuol) 273 17 )
Competitor to speak frankly
Segmental i (zhit zao%) 30 18 )
Competitor to manufacture B
0 (ai3 mad
Target R (g ma) 2.99 18 6.61
at least
i i3 1
Tonerr?e AW (qi3 chul) 2,39 17 )
Competitor in the beginning
18
2 i2 chel
Contogr B ZE (qi2 che') 233 15 )
Competitor 10 cycle
Segmer%tal SABT (qit fent) 2.06 16 )
Competitor Jfurions
IV-2. No-Merger Sandhi targets (T1T1 and T4T1) and respective competitors.
Bigram
. . Log N. of -
Stimuli . Strok Mutual
req. troke Info.
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87 (jiang! shil)

Target 2.63 18 9.44
mnmny
Toneme {74 (jiang! nan?) 138 15 )
Competitor the southern Yangtze region N
MM Gianod pail
Contour W (iang? pai2) 1.85 271 )
Competitor medal
Segmer%tal FEE (iang* luo) 084 20 )
Competitor 10 land
ZIN ol 1
Target RJJ (ian fiao) 0.9 8 7.25
sharp knife
Tonerr?e UFK (jian! zei?) 0 16 )
Competitor traitors
S 3 o
Contour B (jian3 ming?) 06 21 )
Competitor brief
Segmental % (jian* bian4) 03 19 )
Competitor to change grandually N
S (dil val
Target fIG/ @it yat) 1.23 13 2.24
low pressure
4o
Tonerr?e &3 (dit chui?) 0.78 15 )
Competitor droop
1 3 da2
Contogr HRIE (i3 da?) 254 14 )
Competitor to arrive
Segmental HFA (di shi?) 13 14 )
Competitor topography
= (iian! 1
Target I (ian' shang) s 19 472
shoulder badge
7R (iian]l 2
Tonerr?e HEF¥ (jian! rong?) 14 20 )
Competitor compatible
Contogr fAIVE (jian3 jie?) 18 20 )
Competitor concise
W e
SegmenAtal K (jiant jiang) 132 19 B
Competitor athelete
AL (jiao! xin!
Target 2L (jlao! xin') 1.4 10 -0.99
10 lay one’s heart bare
Sl 1 i
Tonerr?e B F (jiao! pi2) 0.9 15 }
Competitor rubber
o s
Contogr FNE (jiao3 mo?) 148 2 )
Competitor cornea
SegmenAtal HH (iaot ju?) 0.78 19 )
Competitor teaching aids

161



Ly (shou xint)

Target ) 0 10 -0.28
o get serions
e 1 2
Tonerr?e %5 (shou! rong?) 172 16 )
6 Competitor 10 take in
e 3 2
Contogr SF{E (shoud heng?) 0.6 15 )
Competitor conservation
Segmer%tal R (shout ke?) 132 271 )
Competitor 10 teach
C oul 1
Target BEA ou! sheng?) 0.3 11 0.88
healthy birthing
1 roul vano?
Tonerr?e &%) (you! yang?) 0.9 17 B
Competitor melodions
7
ou3 ren
Contogr KN (you? ren?) 136 6 )
Competitor Sriend
Segmer%tal A (you* bian#) 0 17 )
Competitor mutagenesis
o5 1 bian!
Target Ll&ﬁ (shou b1ar.1 ) 03 18 378
to mncorporate armies
; 1 pan?2
Tonerr?e WL (shou! pan?) 0.6 17 )
o Competitor 1o close
3 42
Contogr F /& (shou’ zu?) 1.48 1 )
Competitor brothers
22 4 hui4
Segmer%tal Z I (shou huid) 17 18 )
Competitor 10 take bribes
28 1 1
Target HE 4 (dal che) 111 16 3.46
10 get a lift
218 1 giao2
Tonerr?e FEME (da! qiao?) 1.48 2 B
0 Competitor 10 build a bridge
BE (da3 mo?2
Contogr FTBE (da’ mo?) 153 2 )
Competitor 1o polish
4 mait
Segmer%tal K (da* mai?) 1.32 10 )
Competitor barley
N g
Target HEFR] (shit jian') 2.12 12 42
world
Toneme AN (shi* hang?) 0 18 )
0 Competitor trial voyage
S i2 qine?
Contogr S (shi2 ging?) 238 19 B
Competitor truth
3 cet
Segmer%tal S (shid cet) 1.78 10 )
Competitor historical records
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KE (qi* chet)

Target 3.12 11 9.38
car
Tonerr?e VA (it you?) 267 15 )
" Competitor gasoline
T4 i2 2
Contour WML (g2 pao?) 0.48 o4 i
Competitor cheongsam
Y (qi3 vi4
Segmer%tal 2 S (qi3 yi%) 1.91 13 )
Competitor revolt
LB (qid 1
Target #H (gl guan) 2.48 24 6.27
organ
Tonerr?e IR (qit qiud) 247 15 )
0 Competitor balloon
o
Contogr B (qi2 pai?) 0.78 24 i}
Competitor chess and cards
Segmer%tal 715 (gi® gait) 212 7 )
Competitor beggar
N u 1
Target HHL (yu gang) 2.44 19 11.22
bathtub
TN= (vu4 van2
Tonerr?e TE (yut yan?) 281 17 }
03 Competitor 1o predict
) Contogr I (yu2 lei2) 1.99 27 :
Competitor torpedo
Segmer%tal T (yud lud) 115 17 B
Competitor guotation
i qut
Target X (shit qu) 2.4 9 5.59
urban area
= 4 2
Tonerr?e T %% (shi* rong?) 0.78 15 )
" Competitor appearance of a city
SR o
Contogr P (shi2 bie?) 253 14 )
Competitor to identify
S (shi® huai®
Segmer%tal IR (shi® huai®) 0.78 15 )
Competitor to play dirty
iR 4 1
Target PRI (wut gong?) 0.3 12 3.4
absent from work
Toneme A% (wut nong?) 07 1 )
5 Competitor 0 be a farmer '
53 2 qgi 2
Contogr LT3 (wu? giong?) 208 1 )
Competitor infinite
I 304
Segmer%tal ZE ) (wu3 jud) 0.78 o )
Competitor dance drama
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Sl (yi* xint)

Target . 0.48 10 -1.19
disloyalty
B E] (vid 2
Tonerr?e F[A] (yi* tong?) 0.6 12 )
» Competitor similarities and differences
E (vi2 2
Contogr EXE (yi2 nan?) 302 24 )
Competitor difficulty
LA 13 g
Segmer%tal T (yi3 beid) 111 27 B
Competitor back of chair
PR
Target ] (zhi xiao) 0.3 24 9.08
unsaleable
J& (zhi4 ai2
Tonerr?e BUE (zhi* ai?) 134 27 }
. Competitor carcinogenic
Yo
Contogr T B (zhi2 pi?) 0.78 17 )
Competitor skin grafting
Segmental 4R (zhid bi4) 1.61 1
Competitor paper money -
26 (miant 1
Target L (miant sha') 1.77 16 3.46
veil
e
Tonerr?e 4% (mian* tiao?) 247 16 )
18 Competitor noodle
> ian2 vano?
Contogr #3F (mian? yang?) 1.96 17 )
Competitor sheep
u s
Segmer%tal BBl (mian3 shui®) 1.79 19 )
Competitor duty-free
IV-3. No Sandhi targets (T4T4, T3T2 and T3T4) and respective competitors.
Bigram
L .of i
Stimuli . 08 slj (1)( Mutual
req. roke Info.
HEEE (14 xut
Target AR (it xor) 367 21 11.76
to continue
Tonen‘le Z=4y (ji* jie?) 2,49 13 i
) Competitor season
Contour MR (ji! chuang?) 0.3 13
Competitor machine tool
Segmen‘tal B E (13 yal) 1.82 15 )
Competitor 10 press
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B (yi* yuan?)

T t 245 27 2.3
e wish
Toneme HE (it t?) 25 21 )
Competitor intention
2
Contogr AHE (yit chu?) 537 2 )
Competitor closet
3 gan!
Segmen‘tal LM (yi3 gan) 0.6 8 )
Competitor hepatitis B
| (shi4 li4
Target FH (shit 1) 1.11 16 2.14
exanple
Toneme A (shit tu?) 3.42 16 )
s Competitor 1o attemp )
‘ Contour JiTi4E (shit tu2) 0 16 )
Competitor master and apprentice
N T
Segmental SRF (shid shil) 172 13 )
Competitor epic
Y 4o
Target B (iaot yiY 1.81 14 3.2
religions regulations
o 5
Toneme HHE (iao* cheng?) 123 23 )
Competitor tutorial
4 = 11
Contour S (jiao! liu2) 2,09 16 i
Competitor to communicate
ZIN e 3 1
Segmental JHIZR (jiao3 jian?) 193 17 )
Competitor tiptoe
4 ghi4
Target L (qut shif 302 10 2.55
to pass away
Toneme B (qut chu?) 197 14 )
s Competitor 1o eliminate
Contour JEAR (qu! fu?) 2.4 16 i
Competitor to surrender
Segmen‘tal HUH (qud xiao?) 308 18 )
Competitor to cancel
4
Target LTI (shang shi) 197 8 0.48
10 g0 on market
Toneme % (shang* yang?) 111 9 )
§ Competitor 10 raise
Y =
Contour i 1A (shang! yuan?) 1.98 13 )
Competitor the wounded
Segmen‘tal F o (shang? guang?) 1.45 18 )
Competitor to honor with presence
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KA (jian3 cha?)

T 3.37 20 11.24
arget to check
Toneme R 36 (jian3 yan4) 2.59 21 i
Competitor to test
7
Contour B Giant yut) 3.67 19 i
Competitor Jail
Segmental DLA# (iant jie3) 201 17 )
Competitor opinion
o s
Target FIEL Gian® zhi? 341 21 8.86
simply
Toneme AT (jian3 1i%) 242 17 )
Competitor resumé
8 .
Contour BE#% (jian! kong?) 3.01 2 )
Competitor to monitor )
Segmental A (iant zhang?) 29 14 )
Competitor captain
55 3 42
Target A (zhu? ) 277 17 45
toprc
Toneme F1d (zhud fu?) 2.51 11 i
9 Competitor honsewife
Contour | (zhu! rou?) 2.37 17 i
Competitor pork
Segmental {EHE (zhut zhid) 233 14 )
Competitor home address )
o 3 he?
Target W% (wen? he) 2.55 13 5.6
to match
Toneme TR (wen3 zhong?) 151 23 )
( Competitor steady
10 S
Contour T (wen! du) 263 2 )
Competitor tempareture
Segmental I 4F (went hao3) 264 12 )
Competitor 1o greet
Z 1 3 xie?2
Target FHh (rwo? xie?) 239 13 11.25
to compronzise
Toneme %73 (tuo3 shan#) 1.72 19 i
Competitor appropriate
11 —
Contour FLIZ (tuo! yun?) 1.42 13 )
Competitor to consign for shipment
Segmental B (tuo* zhand) 172 18 )
Competitor to develop
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Ei=LE| (zhi’® ming?)

Target ) 1.93 17 0.46
to point ont
4 i3 bi4
Tonen‘le 4R (zhid bi%) 161 11 )
Competitor paper money
12
i1 yed
Contogr Fir (zhit yed) 111 13 )
Competitor branches and leaves
Segmental vy (zhi* pud) 1 14 )
Competitor simple
3 cod
Target SR (shi ce) 173 10 6.21
historical records
Toneme SR (shid gian?) 1.84 14 i
3 Competitor prebistory
1° -
Contour JB (shil pei?) 3.08 15 )
Competitor exccuse me B
Yy I
Segmen‘tal RAL (shi* zhid) 1.08 15 )
Competitor dipstick
L 3 hui
Target UES (wu? hui?) 2.76 20 3.98
Prom
= 3 t2i2
Tonen‘le BE (wad taid) 308 19 )
A Competitor stage
1 N
Y 1 o2
COl’ltO%ll‘ MR (wul po?) 238 18 )
Competitor witeh
Segmen‘tal = (wu* chan3) 0.7 14 )
Competitor resonrce
=5 3 yud
Target I (dang? yu) 104 21 636
1o enjoy fame
Toneme e 4% (xiang? ling?) 1.42 19 i
Competitor alarm
15
Contour HFW (xiang! nong?) 0 18 i
Competitor grumons
Segmen‘tal F I (xiang* koud) 0.6 12 )
Competitor end of alley
34
Target T (shou? ju 0.48 17 13
hand saw
Sl 3 pe2
Tonen‘le U (shou? ze?) 211 12 )
1 Competitor regulation
J
152
Contogr K £E (shou! ji2) 5,96 18 )
Competitor to collect
) 4 xino3
Segmen‘tal J& /I (shou? xiao3) 1.63 17 )
Competitor thin and small
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ZR (shu3 jia%)

Target 2.25 23 11.06
summer vacation

Toneme g (shu? tiao?) 2.56 23 i

Competitor French fries
17 -

Contour i (shu! ging?) 1.76 18 i
Competitor 10 excpress one’s entotions
Segmen‘tal AAE (shut yud) 294 14 )
Competitor terminology

o S
Target 03 Giao® 1% 222 17 4.6
resumé

Toneme fRTVE (jian3 jie?) 18 2 )

Competitor concise
18
2 (iianl 2

COl’ltO%ll‘ FHEF¥ (jian! rong?) 14 20 )
Competitor compatible
Segmen‘tal i3 (jian* meid) 1.62 19 )
Competitor Sfitness
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Appendix V

The full list of target sentences in different boundary conditions in Chapter 6. The critical
Tx+N(NN)+T1+T1/T2 structure is marked in bold.

V-1. Below-NP Boundary condition.

Tx+N+T1T1:
s Vi A B 086 i 7E TR SR K
1 (Ta! shuo! tal de mao? tou! zou’ le na* tiao? da* yu?)

He said bis cat stole that big fish.

s i 5% #2821 7O
(Ta! shuo! yi2 de mao! ting! dao* le na* ge sheng! yinl.)
He said anntie's cat heard that sound.

b UERH B R 5% BTSN
(Ta! shuo! jie3 de mao! guan! shang* le na* ge xiao3 men?2.)
He said elder sister's cat shut that little door.

fi VLR B2 02 52 1 HRAEHR &
(Ta! shuo! mei* de mao! chi! wan? le na* dai* liang? shi.)
He said younger sister's cat ate up that bag of grain.

Tx+N+T1T2:

il Vi A B 286 8 O 7SR D T

(Ta! shuo! tal de mao! 1i2 kai! le na* zuo* fang? zi.)
He said bis cat left that house.

6

il Vi 5% i 08 < ] AR S K

(Ta! shuo! yi2 de mao! duo? hui? le na* tiao? da* yu?.)
He said anntie's cat took back that big fish.

i VL gH B 3 b 7 AN R
(Ta! shuo! jie3 de mao! mi? shang* le na* ge you? xi)
He said elder sister's cat was crazy about that game.

fi gk B0 F = 7 e .
(Ta! shuo! mei* de mao! xue? hui* le ru? he? pa? shu*.)
He said younger sister's cat learned how to climb a tree.

Tx+NN+T1T1:

i e 7S S B R AL AR
(Ta! shuo! mal ma de mao! zhua! zhu* le na* zhi! lao3 shu3.)
He said mom's cat canght that mouse.

10

i B35 45 VR BLAE 7 AIREE

(Ta! shuo! ye? ye de mao! la! zhu* le na* gen! sheng? zi.)
He said grandpa' cat tugged that rope.

11

T EHEH ) NG E T RN,
(Ta! shuo! jie3 jie de mao! diao! zou? le na* zhi! xiao’ niao3.)
He said elder sister's cat held that bird in the mouth.

169



12

(AR IR ANIE HE PR (Yol B R
(Ta! shuo! mei* mei de mao! he! wan? le na* he? niu? nai3.)

He said younger sister's cat drank up that box of milk.

Tx+NN+T1T2:

13

il Vi 45 45 B 98 £ E TR DA
(Ta! shuo! mal ma de mao! na? zou’ le na* ge wan? ju.)

He said mom's cat took that toy.

14

fi B35 45 BRI L 7 ASERE
(Ta! shuo! ye? ye de mao! pa? shang* le na* ke! lao? shu*.)
He said grandpa's cat climbed up that old tree.

15

fi Bt gH H B R BT IR 7B
(Ta! shuo! jie3 jie de mao! wan? huai* le na* ge wan? ju*.)

He said elder sister's cat destroyed that toy.

16

fl BEIR GR BV R 45 & 7 e
(Ta! shuo! mei* mei de mao! ting? xia* le ta' de jiao3 bu*.)
He said younger sister's cat stopped walking.

Tx+NNN+T1T1:

17

e Ve S ATD B 286 5B L 1 AR BK

(Ta! shuo! mal ma men de mao! ti! luan* le na* ge xian* qiu?.)
He said moms' cat kicked that thread ball into a mess.

18

i 45 45477 80 286 4 ) 1A LT

(Ta! shuo! ye? ye men de mao! tuil dao? le na* ge yu? gangl.)
He said grandpas' cat push down that fish tank.

19

s i AE ELATY B 208 b ) 1S R

(Ta! shuo! jie3 jie men de mao! pu' xiang* le na* zhi! hu? die?.)
He said elder sisters' cat leapt on that butter.

20

fil BEIR GRATT B 28 b A A e
(Ta! shuo! mei* mei men de mao! zhui! shang* le na* zhi' tu zi.)
He said younger sisters' cat canght up with that rabbit.

Tx+NNN+T1T2:

21

il 50 42 S ATD B 288 VB e T SR 1
(Ta! shuo! mal ma men de mao?! ke2 chu! le na* gen! yu? ci*.)
He said moms' cat coughed up that fish bone.

22

i i3 45410 B 28 R L R K A

(Ta! shuo! ye? ye men de mao! ying? guo* le na4 tiao2 ye3 gou3.)
He said grandpas' cat defeated that wild dog.

23

TG B R i T E T
(Ta! shuo! jie3 jie men de mao! xian? qi? le ta! de hai? zi.)
He said elder sisters' cat held its kid in the mouth.

24

L VL3R GRATD B 28 B 1 iR/
(Tal! shuo! mei* mei men de mao! hui? dao* le ta! de xiao3 wol.)
He said younger sisters's cat went back to its little nest.
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V-2. Subject-Predicate Boundary condition.

Tx+N+T1T1:
fl Bt T 7 AATH .
1 (Ta! shuo! mal ma shou! ting! le na* ge jie? mu*.)

He said mom listened to that program.

flt i 5 F A TIRZ B

2 (Ta! shuo! ye? ye sou! gual le hen3 duo! gian? cai?.)
He said grandpa took a lot of money.
fl vt gH G B 7L

3 (Ta! shuo! jie3 jie zhao! shou! le ji3 ge xue? sheng!.)
He said elder sister recruited several students.
fl ViR gk R AE 7RI SE .

4 (Ta! shuo! mei* mei fa! huil le ta! de shi? li*.)
He said younger sister gave play to her power.

Tx+N-+T1T2:

i B B A X IGES).

5 (Ta! shuo! mal ma xuan! chuan? le zhe* ci* huo? dong*.)

He said mom publicized this action.

AT T2 T — L3
6 (Ta! shuo! ye? ye que! fa? le yi* xie! dou* zhi*.)
He said grandpa lacked the will to fight.

B EHEH R 3 T XIS
7 (Ta! shuo! jie3 jie fal jue? le zhe* zhong? xian* xiang*.)
He said elder sister discovered this phenomenon.

R R IE R T Ul O FEAE

8 (Ta! shuo! mei* mei zhui! qiu? le ta! de Ii3 xiang3.)
He said elder sister pursued her dreams.
Tx+NN+T1T1:
fl Ve AT B 1A A
9 (Ta! shuo! mal ma men ting! shuo! le na* jian* shi* qing?.)

He said moms heard of that situation.

MBS RIE T — AN .
10 (Ta! shuo! ye2 ye men zhang! tie! le yi2 ge* guang? gao*.)
He said grandpas posted an advertisement.

b UL RH ZHATT B T B L N
11 (Ta! shuo! jie3 jie men jie! shou! le na* xie! bing* ren2.)
He said elder sisters took over those patients.

b Uik GR AT B 4 T IR 2 R A
12 (Ta! shuo! mei* mei men xi! sheng! le hen? duo! li4 yit.)
He said younger sisters sacrificed a lot of interest.

Tx+NN+T1T2:
fib iR T IO
13 (Ta! shuo! mal ma men an! pai? le yi? ci* ju* canl.)

He said moms arranged a dinner.
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B FAIER 7Lk,
14 (Ta! shuo! ye2 ye men xiao! chu? le yi* xie! wu? huit.)

He said grandpas eliminated some misunderstandings.

BN EE T —KET.
15 (Ta! shuo! jie3 jie men jing! ying? le yi* jia! can! tingl.)
He said elder sisters operated a restaurant.

T BERERAT) B R T AAME &
16 (Ta! shuo! mei* mei men jian! chi? le na* ge xin* nian%.)
He said younger sisters stuck to that belief.

Tx+NNN+T1T1:
fi Ve TS SEATT B 3 N 1 = T R
17 (Ta! shuo! ma! ma men de zeng! jia! le san! bai3 kuai* gian2.)

He said moms' increased by 300 yuan.

BT AT IR R T 7= &
18 (Ta! shuo! ye2? ye men de kail fal le xin! de chan? pin3.)
He said grandpas' developed new products.

flt Ui AT B0 40 R 1 IS HERAS
19 (Tal! shuo! jie3 jie men de fen! fal le na* dui! ke* ben3.)

He said elder sisters' distributed that pile of book.

IR ERATT B R A TIN5 7
20 (Ta! shuo! mei* mei men de zhuang! xiul le zhe* ge fang? zi.)
He said younger sisters' decorated this house.

Tx+NNN+T1T2:
fl Ui I AT B WL R 1 HE T
21 (Ta! shuo! ma! ma men de shou! ji2 le yi* dui! gu? dong3.)

He said moms' collected a lot of antiques.

T TR RS 1T XIUES .
22 (Ta! shuo! ye? ye men de fal yang? le zhe* xiang* chuan? tong?3.)
He said grandpas' promoted the tradition.

fi Ui SE EATT B R 1 X AR
23 (Ta! shuo! jie3 jie men de zun! xun? le zhe* zhong? gui' li%.)
He said elder sistets' followed this law.

fi ViR SR ATT B SO IR Z 2R

24 (Ta! shuo! mei4 mei men de shou! cang? le hen? duo! zhu! bao3.)
He said younger sisters' collected meny jewelleries.
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