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Abstract

Children’s productive knowledge of morphological alternations has received
substantial attention in the literature. However, little is known about how and when the
tonal alternations, such as tone sandhis in Chinese dialects, become productive. The
productivity of tone sandhi is thought to be influenced by two operational mechanisms,
i.e., lexical and computation mechanism. It has been well established that Mandarin
Tone 3 sandhi in adults is mediated via a computation mechanism. However, the
development of Tone 3 sandhi in children is still unclear. Besides, these two
mechanisms relate to the issues of mental representation and decomposition of
Mandarin Tone 3 sandhi. There are different theoretical accounts for how tone sandhi
is represented and implemented in adult speakers, including the underlying
representation view, the surface representation view, the multi-variant account, or the
underspecification view. It is still unknown how they are represented in the mental
lexicon and decomposed in speech production in children. This thesis examines the
productivity of Mandarin Tone 3 sandhi in Mandarin-speaking children, and those
developmental features, which have received very little attention so far. It aims to
explore how such productive sandhi is applied in pseudo- and novel words in children’s
speech production from both perceptual and acoustic analysis, how they are processed

online or internalized in the mental lexicon in children, and how they are decomposed
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from the speech productions from childhood to adulthood. Explorations on these
research questions are expected to further provide new knowledge into language

acquisition.

To this end, I first explored the productivity of the sandhi pattern in speech
production by examining children’s performances in real words, pseudo-words, and
novel words by observing the phoneticians’ speech production judgment and the
acoustic realizations. I found that children’s application of Mandarin Tone 3 sandhi
undergoes a developmental trajectory. Children showed relatively low productivity at
three- to five-years-old, especially in novel words. This indicates the involvement of
the lexical mechanism at three-to-five-years old. Seven years old children reached the
adult-like application in those novel words, which indicates the full development of the
computation mechanism. Second, | conducted an auditory-auditory priming lexical
decision task to determine children’s mental representation of tone sandhi. I found that
four-and five-year-old children represented sandhi items in their surface forms, while
the children from six to eight years old have both surface and underlying forms
represented in their mental lexicon. Compared with the result of adults that only
exhibited a significant underlying priming effect when deciding Tone 3 sandhi real
words, children have not yet reached an adult-like underlying representation even
between seven and eight years old. The relatively delayed underlying representation in

children compared with the speech production task may be explained by the children’s



literacy effect and the frequency effect of the tone sandhi words. These results are also
of great value because they illustrate how children process real sandhi words online at
different ages, which informs the development of theoretical models for language
acquisition from a different perspective. Third, | explored the tone awareness of the
sandhi items with the explicit syllable deletion task and the implicit tone matching that
were widely used for examining phonological awareness. | found that children also
undergo a similar developmental trajectory in line with their productivity features in
the way of reaching the adult-like underlying Tone 3 recognition. Children reached the
adult level of explicit processing at seven years old. This experiment enhances our
understanding of how the phonological alternations of Mandarin Tone 3 sandhi are

recognized by Mandarin-speaking adults and children.

Taken together, this thesis offers a comprehensive understanding of how
Mandarin-speaking children learn to apply a sandhi pattern and represent the
phonological alternation pattern in the mental lexicon, and how to internalize and
decompose the pattern from the surface form during the language development. The
overall results reflect children’s general developmental timeline of language
processing from the lexical mechanism to the computation mechanism. Previous
studies primarily focus on children’s operational mechanisms in language components

that involve phonological or morphological alternations with regular and irregular
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forms. The tone sandhis in Chinese dialects offers a new perspective to observe

children’s development of operational mechanisms and language processing.
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Chapter 1 Introduction

Productivity is a fundamental human cognitive ability in language learning.
During the process of first language acquisition, individuals do not merely memorize
words or sentences, but often try to generalize over linguistic patterns statistically and
apply them productively to new items (Jenny & Ann, 2001; Pinker, 1999; Schuler et
al., 2005). For example, during the process of learning the English past-tense
inflections, English-speaking children demonstrated a generalization of ‘-ed’
productively to both regular and irregular verbs at around three years old (e.g., Judy
goed to the room; see Pinker, 1999). However, it turns out that not all linguistic patterns

are equally productive.

Yang (2016) explains productivity with a learning model called the Tolerance
Principle (e.g., Yang, 2016 & 2018; Schuler et al., 2016), which states that a pattern is
productively computed only when it is computationally efficient enough to do so, i.e.,
the percentage of regular forms was greater than that of irregular forms by a certain
degree. In this model, he quantifies the precise proportion of exceptions (e.g., irregular-
form items: go-went) that a productive pattern (e.g., a regular past tense in English, -

ed) can tolerate. The calculated formula has been verified by a variety of acquisition



literature, corpus data, and reports of children’s acquisition of novel words (Yang, 2016;

Schuler et al., 2016).

However, language processing is far more complicated than an analysis of
productivity based on the efficiency of pattern generation. Some phonological patterns
show different degrees of productivity in their application to novel words even though
they are almost regular. The tone sandhi patterns in Chinese dialects are an example of
this phenomenon. Tone sandhi refers to tonal alternations in speech production
conditioned by linguistic context (Chen, 2000; Yip, 2002). Tone sandhis are manifested
in different ways among Chinese dialects. For example, in Mandarin Chinese, when a
Tone 3 syllable is followed by another tone 3 syllable, the first Tone 3 becomes tone 2
(213+213—35+213; Chao, 1948; Lee, 2002) or a tone 2-like syllable (Wang & Li,
1967; Myers & Tsay, 2003; Yuan & Chen, 2014; Zhang et al., 2015). For instance, the
Tone 3+Tone 3 word /mei213ny213/ 3% % “beauty” is ultimately pronounced
“mei35ny213”. In Shanghainese, the tone of the first syllable is spread across the
disyllabic word, which neutralizes the tone of the second syllable (Xu, Tang, & Qian,
1981; Zee, and Maddieson 1980; Zhu 1999; Zhang, 2018). For example, the surface
tones of the compounds /s&55fon31/ X, “to catch a cold” are derived by spreading
the underlying tones of the initial syllables “sa53” over the disyllables. Whereas the
tone sandhi of Wuxi Wu is formed by pattern substitution, that the tone of the first

syllable is firstly substituted by another tone, and the substituted tone is then spread



across the disyllabic word (e.g., Chan, & Ren 1989; Yan and Zhang, 2016; Zhang,
2018). In Southern Min, every tone undergoes sandhi, unless it occurs in a final word
position (Hsieh, 1976; Hsieh, 1970; Zhang, & Turnbull-Sailor, 2006). For example, the
word /pai24kai51/ HEfE “to eliminate” is pronounced as /pai33kai51/ in speech
production. These tone sandhi patterns are all regular in the input. While some sandhi
patterns, like Mandarin Tone 3 sandhi and Shanghainese tone sandhi, demonstrate high
productivity in novel words (Zhang & Peng, 2013; Zhang, Xia, & Peng, 2015; Zhang
& Lai, 2010; Zhang & Meng, 2016). Other sandhi patterns, especially those that
involve a series of sandhi phenomena in a circular chain shift, like in Southern Min and
Wuxi Wu, often fail to generalize to novel words (Hsieh, 1970; Yan & Zhang, 2016;
Zhang et al., 2011). It will enrich our knowledge of language acquisition and
phonology to understand how such productive and unproductive types of sandhi are
applied in speech production, how they are processed online or internalized in the
mental lexicon, and how they are decomposed from the speech productions from

childhood to adulthood.

The productivity of sandhi patterns in adults has been suggested to be
influenced by two types of operational mechanisms, that is, rote-memory-based lexical
mechanisms (hereafter, lexical mechanisms) and computation-based productive
mechanisms (hereafter, computation mechanisms) (e.g., Zhang et al., 2015). If an

item is processed by the lexical mechanism, it indicates that the item is memorized and



retrieved from the mental lexicon in its surface lexical representation; whereas, if it is
processed by the computation mechanism, it means that the item is processed by
generalizing a pattern productively on the underlying representations. The two
mechanisms were derived from the “word and rule” principle (Pinker, 1998), which
was later developed as the “dual-route model” (e.g., Pinker, 1998; Marcus, Brinkmann,
Clahsen, Wiese, & Pinker, 1995; Ullman & Pinker, 2002; Ullman, 1999, 2001).
Targeting the English inflections that include both regular and irregular forms, research
has found that the two forms are distinct categories, one of which is relatively rule-like
and the other one less so. This has resulted in a processing model whereby they are also
assumed to be processed differently. The regular items are processed by the
computation mechanism, by which patterns are applied to items of abstract categories
(e.g., Verb, Noun), whereas the morphologically complex, irregular items are
processed by rote memory. Different sandhi patterns in Chinese dialects, even though
they are regular patterns, have also been found to be processed differently in adult
speakers. For some complex sandhi items (e.g., the sandhi circle in Southern Min), the
patterns were listed in the mental lexicon by the lexical mechanism (e.g., Hsieh, 1970;
Zhang et al., 2011). However, the Mandarin Tone 3 sandhi pattern, for example, was
processed productively by a computation mechanism (Zhang et al., 2015; Zhang & Lai,

2010; Zhang & Meng, 2016). Detailed information will be given in the literature review.



Another interesting question is how the tone sandhi items are represented or
internalized in the mental lexicon. There are three well-attested theoretical accounts for
how tone sandhi is represented in adult speakers, which includes the underlying
representation view, the surface representation view, the multi-variant account. Based
on the empirical studies of tone sandhis in Chinese dialects with high and low
productivity, Zhang (2018) speculated that adult speakers tend to process the tone
sandhi items with high and low productivity differently in the mental lexicon. When
items participating in a sandhi pattern (henceforth, sandhi items) show less
productivity in novel-words, they may be processed from the surface representation,
which indicates that the form is represented just as it appears in spoken language. For
example, one Southern Min sandhi pair with low productivity in sandhi application (in
which the tone 51 appears as 55 in non-word-final position) was found to be
represented in the mental lexicon in its surface form (Chien et al., 2017; Zhang, 2018).
If a sandhi pattern shows high productivity in non-words, it is more likely to be
processed from the underlying representation, suggesting that the sandhi word is
represented as the concatenation of its underlying (canonical) forms of morphemes
along with the governing pattern. Some tone pairs participating in productive sandhi
applications, such as the Mandarin Tone 3 sandhi, have been determined to be
represented in their underlying forms in adult Mandarin speakers (Chien et al., 2016).

For example, the speech sound of the sandhi pair /fu35tau315/ %fi5 “to counsel” is



likely to be represented in “fu213” plus “tau213” in the mental lexicon. Given the
above introduction in spoken sandhi word comprehension, only Tone 3 is represented
in the mental lexicon in the lexical decision of Tone 3 sandhi targets. However, the
phonological representations of T2-like T3 sandhi variant and Tone 3 are both activated
for the production of Tone 3 sandhi words (Chen et al., 2011; Nixon et al., 2015). The
multi-variant account (activation of both Tone 2-like T3 sandhi variant and Tone 3)
was also verified in the mental representation of the Tone 3 monosyllabic words (Li &
Chen, 2015). According to the psycholinguistic models of Levelt et al. (Indefrey, 2011;
Levelt, 1999; Levelt et al., 1999), lexical and phonological processing occur before the
initiation of speech production. Therefore, the overall picture for the representation of
Mandarin Tone 3 sandhi in adult speakers should be: the underlying Tone 3 may be
activated when hearing the Tone 3 sandhi word, while both Tone 2 and the abstract

underlying tones are activated when producing the sandhi word.

This project focuses on one productive sandhi pattern, i.e., Mandarin Tone 3
sandhi, which has been verified to be processed via the computational mechanism in
adult Mandarin speakers (Zhang et al., 2015; Zhang & Peng, 2013). Importantly,
however, little is known about when the pattern becomes productive and how it is
processed by Mandarin-speaking children of different ages. These studies incorporate
tonal alternations into speech production, speech representation, and speech

decomposition models. The thesis contributed to a better understanding of the



acquisition of tone sandhi. More importantly, this study has the potential to inform the
development of theoretical models for language acquisition, speech production, speech

representation, phonological awareness, phonology, and morpho-phonology.

First, | explored the productivity of the sandhi pattern in speech production
during language acquisition in the project. I found that children’s application of
Mandarin Tone 3 sandhi undergoes a developmental trajectory. Children showed
relatively low productivity at three- to five-years-old, especially in novel words. This
indicates the involvement of the lexical mechanism at three-to-five-years old. Seven
years old children reached the adult-like application in those novel words, which
indicates the full development of the computation mechanism. Understanding the
developmental features of the sandhi pattern is crucial because it sheds direct light on
the acquisition of morphological and phonological features. Second, | conducted an
auditory-auditory priming lexical decision task on tone sandhi items to determine
children’s mental representation of tone sandhi. The initial Tone 3 syllable of the
sandhi words have two allophones, one of which is the underlying Tone 3, and the other
is the Tone 2-like form (surface form in the sandhi context). It has been observed that
adult Mandarin speakers tend to represent sandhi words in their underlying forms
(Chien et al., 2016; Zhang, 2016, 2018). However, no study has provided empirical
data to investigate children’s developmental trajectory before reaching adult

representation. | found that four-and five-year-old children represented sandhi items in



their surface forms, while the children from six to eight years old have both surface
and underlying forms represented in their mental lexicon. Children also tended to rely
more and more on underlying representations as their age increases. The priming
lexical decision tasks primarily examined individuals’ immediate processing of the
linguistic phenomenon. These results are also of great value because they illustrate how
children process real sandhi words online at different ages, which informs the
development of theoretical models for language acquisition from a different
perspective. Third, | explored the tone awareness of the sandhi items, particularly the
allophones of the first syllable of the sandhi items. Tone awareness is one of the crucial
subsets of phonological awareness (i.e., the ability to detect and manipulate speech
sounds in a language; Anthony & Francis, 2005; Chen et al., 2016; Shu et al., 2008).
The first syllable of the sandhi items is underlyingly represented as Tone 3 (213) in
adult Mandarin speakers, while it surfaces with an identical contour to Tone 2 (35) in
the flow of speech in tone sandhi environment (Chien et al., 2016). With the picture-
matching task and the traditional paradigm for explicit phonological awareness (see
Shu et al., 2008), I examined children’s preference for linking the sandhi tones to
surface or underlying tones. This research shows that children also undergo a similar
developmental trajectory in line with their productivity features in the way of reaching
the adult-like underlying Tone 3 identification. Mandarin Tone 3 sandhi is a type of

phonological alternation, which is central to phonological and morphological theory,



but little is known about how it is recognized or internalized by speakers. This project
enhances our understanding of how the phonological alternations of Mandarin Tone 3

sandhi are recognized by Mandarin-speaking adults and children.

The project is presented in eight chapters. Chapter 2 provides background
information for this study by reviewing previous investigations of Mandarin tone
sandhi, its operational mechanisms, and its representation in the mental lexicon of
adults and children. As a theoretical background, the chapter also reviews previous
studies of Mandarin tone systems, as well as developmental features in Mandarin-
speaking children which contribute to the acquisition of sandhi patterns. Chapter 3
reports an analysis of the productivity of Mandarin Tone 3 sandhi in children’s speech
production. Chapter 4 presents the acoustic features of the realization of Mandarin
Tone 3 sandhi in Mandarin-speaking children. Chapter 5 reports the representation of
Mandarin Tone 3 sandhi in children’s mental lexicons via the lexical decision task.
Chapter 6 examines the tone awareness of the initial allophones of sandhi items.
Chapter 7 is a general discussion, where all studies reported in this project are discussed
at a higher level within a broader theoretical context to inform the productivity theories
and it’s driving force for the children to reach the adult-like productivity. Chapter 8
presents a short conclusion regarding the findings, limitations, and an outlook for future

research.



Chapter 2 Literature Review

This chapter provides a comprehensive review of studies on the productivity of
tone sandhi. The review is organized into five parts: (1) Mandarin tones, tonal
phonology, and Tone 3 sandhi; (2) the productivity of tone sandhi and its operational
mechanisms; (3) theories regarding the representation of tone sandhi items; (4)
developmental features in Mandarin-speaking children which contribute to the
acquisition of the sandhi pattern; and (5) the productivity of tone sandhi in novel words

and the mental representation of tone sandhi in Mandarin-speaking children.

2.1. Mandarin tones, tonal phonology and Tone 3 sandhi in

Mandarin Chinese

Tone is employed in most parts of the world (Wang, 1967). It is reported to
exist in 60-70% of languages (Yip, 2002), including many Asian, African and
indigenous American languages, as well as some European and South Pacific
languages (Wang, 1967). Tones, however, serve different functions in different
languages. In the Sino-Tibetan family of languages in Asia, which contains Mandarin
Chinese, tone serves a lexical function. This section focuses on the tone system in
Mandarin Chinese. Tones in Mandarin Chinese are in a contour-based system with two

contour tones in the tonal inventory. Tones are typically associated with syllables and
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serve to distinguish lexical meaning (Wan & Jaeger, 1998; Wang, 1967; Zhang, 2014).
There are four tones which distinguish semantic meanings in Mandarin Chinese. Tone
1 has a high-level pitch, Tone 2 a rising pitch, Tone 3 a low-dipping pitch, and Tone 4
a high-falling pitch (Chao, 1948; Brito, 1980; Wang, 1967). For example, the syllable
/ma/ refers to “mother” when it is pronounced with Tone 1, means “hemp” with Tone
2, and means “horse” and “scold” respectively with Tones 3 and 4 in Mandarin Chinese.

FO contours for each of the four Mandarin Chinese tones can be seen in Figure 2.1.
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Figure 2.1 FO contours (mean and * standard error) for each of the four Mandarin Chinese tones spoken

in isolation by a male Mandarin speaker

The four lexical tones are also widely labeled using a five-level tone notation

system, which uses numbers to indicate pitch height and trajectory (Chao, 1948, 1968;
11



Lee, 2007). In five-level tone marking, a speaker’s lexical pitch level range is divided
into five levels, of which 1 is used to describe the lowest pitch level, and 5 the highest
(Lin, 2007). For example, Tone 1 is labeled as ‘55°, which indicates a pitch trajectory
that starts at the highest pitch level and remains there. Tone 3 is ‘213’, which indicates
a relatively low starting pitch, followed by a drop to the lowest pitch and then an
increase to a higher pitch than the initial pitch. The Mandarin tone inventory is

summarized in table 2.1.

Table 2.1 a summary of the four lexical tones in Mandarin Chinese

Tone category | Descriptive naming | Five-level tone marking Examples
Tone 1 high-level tone 55 /mab5/ % “mother”
Tone 2 rising tone 35 /ma35/ R “hemp”
Tone 3 low-dipping tone 213 /ma213/ & “horse”
Tone 4 falling tone 51 /mab1/ F “scold”

When produced in isolated contexts, the four lexical tones are quite stable and
seem well-defined (Chao, 1968). When produced in connected speech, however, the

tonal contours undergo certain variations depending on preceding and following tones
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(Chao, 1968; Kratochvil, 1984; Shen, 1992; Xu, 1997). This is particularly true of Tone
3, which is the focus of this project. It undergoes different types of tonal variations
when it is produced in actual speech. Specifically, it becomes a rising tone (Tone 2-
like) when preceding another Tone 3 (213+213—35+213), and a low falling tone when
preceding any other tones (213+55/35/51—21+55/35/51) (e.g., Duanmu, 2007; Zhang
et al., 2015). For instance, the combination of /mei213/ and /ny213/ is pronounced
/mei3bny213/ 3£ 4 “beauty”; while the combination of /mei213/ and /s251/ would be
/mei2l so51/ 3£ “good looks”. The acoustic analysis of sandhi Tone 3 has shown
that it has an overall lower FO height (Peng, 2000), a lower FO peak (Peng, 2000; Yuan
& Chen, 2014), as well as a later FO rising onset (Yuan & Chen, 2014) when compared
to Tone 2. However, the perception results have demonstrated that native speakers are
usually not able to consciously distinguish the sandhi Tone 3 from Tone 2 (Peng, 2000;

Wang, & Li, 1967).

The origin of Mandarin Tone 3 sandhi can be traced back to at least the 16th
century based on philological evidence (Mei, 1977). Comparing lexical tones between
Mandarin and Middle Korean at that time according to 16"-century Chinese language
textbooks for Korean speakers, Mei reconstructed the tonal values of the four tones in
the 16th century Mandarin. And he detected that Tone 3 sandhi was in place in the 16th

century and that it was phonetically similar to the Tone 3 sandhi of modern Mandarin.
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The force driving Mandarin Tone 3 sandhi is not fully understood. Previous
works have described it as a dissimilating process, by which the two low-dipping tones
are changed into a sequence of a high tone followed by a low dipping tone (Mei, 1977).
However, this view cannot explain why the initial syllable changed to a rising tone
rather than another high tone, such as the high-level tone. Meanwhile, the sandhi
pattern has not yet been found in other languages with similar low-dipping tone
combinations, such as in Thai, or in Cantonese where Tone 4 /21/ is quite similar to
half Tone 3. By reviewing the productivity and the mechanisms of operation of tone
sandhi, and by observing its developmental features, we will have a better

understanding of its nature.

2.2. The productivity of tone sandhi and its operational

mechanisms

Extensive work has been done on the productivity of Mandarin Tone 3 sandhi,
especially with the widely known “wug test.” In this test, “wug” represents a non-word.
Gleason (1958) designed the wug-like non-words to test the productivity of English
morphological patterns. Later the paradigm has been widely used to examine the
productivity of morphological patterns (e.g., Selby, 1972; Albright & Hayes, 2003;
Joan & Bybee, 1981; Pierrehumbert, 2006). Hsieh (Hsieh, 1970, 1976, 1975) was the
first to bring the paradigm into the morpho-phonological area, by examing the

productivity of tone sandhi in Southern Min. Southern Min sandhi occurs when a tonal
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syllable is in a non-word-final position, in a circular chain-shift where the Tone 51
becomes 55, and the Tone 55 becomes 33..., and the Tone 21 becomes 51 (see Figure
2.2). It has been characterized as being phonologically “opaque” (Kiparsky, 1973;
Zhang et al., 2009), because the output of one sandhi pattern is also the input of a
second sandhi pattern (thus being a non-surface-true phonotactic generalization; Zhang,
2016). Hsieh found that the overall productivity of sandhi patterns in Southern Min is
low in pseudo-words. Moreover, different individuals showed high variation among
different lexical items and tone categories in the application of tone sandhi to those
pseudo-words. Such low productivity and high variability led Hsieh to conclude that
sandhi forms are primarily stored in memory as surface-form allomorphs of a word,
which can be explained by appealing to lexical mechanisms, rather than being

computed productively.

51>55->33<¢24

21

Figure2.2 tone sandhi circle in Taiwanese Southern Min
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Researchers have repeatedly examined the opaque Southern Min tone circle
with wug tests from different perspectives (Wang, 1993; Zhang et al., 2006, 2009, 2011,
2018; Zhang & Lai, 2008). For example, to test the productivity of the different tone
sandhi pairs in Southern Min, Zhang and his collaborators (Zhang, 2018) used the
elicited the production of two types of disyllabic words from native speakers: (i) real
words (actually occurring words that all participants were familiar with); and (ii) novel
words (which were composed of an accidental gap (AG) syllable and an existing noun).
The AG syllable refers to a type of novel syllable whose combination between
consonant and vowel occurs in the target language, but which yields no real morpheme.
Results have confirmed the unproductivity of the pattern in general but have observed
a different degree of productivity of different sandhi pairs. The 24—33 sandhi has been
found to have a lower non-application rate in novel words compared with other tone
pairs. Besides, the results showed variations associated with individual speakers,
lexical items, and tone categories in the generalization of tone sandhi to novel words

in Southern Min.

However, previous studies have consistently shown that the application of
Mandarin Tone 3 sandhi is highly productive in novel disyllabic sequences without
exception (Xu, 1997; Zhang and Lai, 2006; Zhang & Peng, 2013; Zhang et al., 2015;
Zhang, 2016; Zhang & Lai, 2010). Different types of non-words were investigated in
the literature, including pseudo-words and novel words. A pseudo-word is defined as
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a non-occurring sequence of two actually occurring morphemes (e.g., /tst 213 sa213/
A “ruler sprinkle”), or the actually occurring morpheme followed by a syllable
which never occurs in Mandarin phonology (e.g., /ts"uan213 tson213/ 8] zeng213
“rush zeng213”). Even though the pseudo-word seldom occurs in daily life, there still
exists the sandhi allomorphs of the initial Tone 3 syllables (e.g.,[ts" 1.35] /)X in /tgh
1213 pan213/ Rt} “ruler”) for the participants to take advantage of. Therefore, the
output of pseudo-words can lean upon either the lexical mechanism (by retrieving
previously heard sandhi allomorphs) or the computation mechanism. The novel word
refers to the combination of novel syllables, each of which yields no meaning (e.g.,
/phin213 tsan213/), or a novel syllable followed by an actually occurring syllable in
Mandarin phonology (e.g., /p"in213 ma213/ ping213 & “ping213 horse™). Since no
lexical entry of the initial syllable can be retrieved from the mental lexicon, participants

could only rely on the computation mechanism in this type of non-word.

Firstly, when examining acoustic variations of tones in Mandarin in different
tonal contexts using the sequence /mama/ with all 16 possible two-tone combinations
of the four Mandarin tones, Xu (1997) found that Mandarin Tone 3 sandhi applies to

the pseudo disyllabic word (/ma213 ma213/ LI “horse horse”).

In addition to this, Zhang and Lai (2010) systematically exploited the
productivity of Mandarin Tone 3 sandhi in adult speakers in real words, pseudo-words,

and novel words using acoustic analysis. The results indicated that the sandhi pattern
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could be applied to all three types of words without exception, which provided crucial
evidence for its productivity. However, the results also showed that the contour shapes
of the sandhi form of Tone 3 in novel words were significantly different from those in

real and pseudo-words, exhibiting a lower and later turning point and longer duration.

Zhang and Peng (2013) scrutinized the productivity of Mandarin Tone 3 sandhi
with both acoustic analysis and perceptual experiments. They compared the realization
of sandhi Tone 3 with Tone 2 in minimally contrastive contexts, both in real words
(such as /01213 y213/ EiE “whisper” & /0135 y213/ JL1E “baby talk”) and novel
words (such as /fia213 sua213/ & /fia35 sua213/). The overall results suggested that
Mandarin Tone 3 sandhi applies without exception in the production of real words and
novel words. However, their results of the acoustic analysis showed that the production
of the sandhi Tone 3 items exhibited significantly lower FO than Tone 2 in novel words.
It is not clear whether this phonetic difference has phonological implications, for the
reason that the Mandarin-speaking participants could not reliably distinguish between
Tone 2 and sandhi Tone 3 in real or novel words in the perception task. Altogether,
these findings provide compelling evidence for the productivity of Tone 3 sandhi in
adult speakers and may indicate the presence of a phonological computation

mechanism.

Using the same paradigm, Zhang et al. (2015) adopted an ERP study to observe

the neural activities of the on-line encoding of the productive Mandarin Tone 3 sandhi
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pattern in speech production. They found a significant main effect of sandhi encoding
in the P2 time-window, where Tone 3 + Tone 3 sequences elicited greater P2 amplitude
than did Tone 2 + Tone 3 sequences, irrespective of whether they were real or novel
words. As P2 is sensitive to phonological processing (Crowley & Colrain, 2004; Landi,
Crowley, Wu, Bailey & Mayes, 2012), this suggests that phonological processing of
the second Tone 3 syllable was more effortful when it was preceded by Tone 3 than
when it was preceded by Tone 2. The result likely indicates that the encoding of
Mandarin Tone 3 sandhi involves greater phonological processing than the encoding

of Tone 2.

To summarize, different types of phonological alternation may exhibit different
productivity behavior when tested with pseudo- or novel words in the language. The
studies of Southern Min tone sandhi pairs have been repeatedly shown to be less
productive, to different degrees. Moreover, there is a large amount of variation
associated with tone categories, individual differences, and lexical items in the
generalization of tone sandhi to pseudo-words in Southern Min. For Mandarin Tone 3
sandhi, by contract, the results from the Mandarin Tone 3 sandhi confirmed that the
sandhi environment (Tone 3 + Tone 3) alone triggers the sandhi, no matter how
unfamiliar the carrying syllables are. These may indicate that sandhis with high and

low productivity are internalized and governed in different ways by speakers.
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As for the operational mechanism that governs the productivity of the tone
sandhi items, both lexical mechanisms and computation mechanisms could play a role,
as mentioned in the previous chapter (also see Zhang et al., 2015). If the items are
processed by lexical mechanisms, the surface allomorphs were likely memorized as a
frozen chunk; the pattern thus only applies to real words. In contrast, if the items are
operated via the computation mechanism, it indicates that they are produced via
applying the phonological pattern productively to the underlying representation of the
syllables; therefore, the pattern can be applied productively to both real and pseudo-
words. Speakers internalize the productive and unproductive sandhi patterns in
different ways. The unproductive tone sandhi patterns, for instance, in Southern Min
(Hsieh, 1970; 1976; 1975; Wang, 1993; Zhang et al., 2006, 2009, 2011; Zhang & Lali,
2008), operate via the lexical mechanism. The productive sandhi patterns, by contrast,
such as the Mandarin Tone 3 sandhi (Zhang & Peng, 2013; Xu, 1997; Zhang et al.,

2015; Zhang & Lai, 2010), are internalized through the computation mechanism.

2.3. Theories regarding the representation of tone sandhi items

Speech variations are ubiquitous in different languages. Diverse models have
been proposed to deal with the representation of speech variations, among which three
have become more representative: the episodic storage account, the abstract
representation account, and the hybrid model. The episodic theory suggested that

perceptual details are stored in memory as the basic substrate (see Goldinger, 1998, for
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a review). It has been supported by different studies (Goldinger, 1996; Connine et al.,
2008; Pitt, 2009). For example, Pitt (2009) showed that variant forms of newly learned
words are recognized only when the form has been exposed before. However, some
other literature supports the abstract representation account which assumes that a word
in the mental lexicon is associated with a highly abstract phonological representation
(e.g., Norris & McQueen, 2008; Pierrehumbert, 2016). According to the account, non-
distinctive phonological features are unspecified or represented in an underlying form.
Between the two extreme spectrums, it is increasingly acknowledged that the mental
lexicon contains a hybrid which entails both episodic and abstract representations
(Muitterer et al., 2011; Sumner et al., 2014; Pierrehumbert, 2016). When limiting the
topic to the representation features tone sandhi items, some related accounts have also
been put forward. There are four generally recognized accounts of how tone sandhi
words are represented in the mental lexicon: the surface representation view, the
underlying representation view (also called canonical representation view), the multi-
variant account, and the underspecification account (Chen et al., 2011; Li & Chen,
2015; Chien et al., 2016, 2017; Nixon et al., 2015; Wewalaarachchi & Singh, 2016;

Zhang, 2018; Politzer-Ahles et al., 2016).

The surface and underlying representation views were primarily tested from the
perspective of spoken word recognition, which concerned how tonal alternations are
represented in the mental lexicon in spoken language comprehension. According to the
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surface representation view, words are stored and represented just as they appear in
spoken language, i.e., in their surface form (the post-sandhi form). For example, the
word /tsuo213 teiau213/ Z Bl “left foot” is represented in the mental lexicon in the
form of /tsuo35 teiau213/, even though the underlying tone of the initial phoneme is a
Tone 3 syllable /tsuo213/ Z “left”. The surface representation has been found in the
sandhi items of Southern Min (Chien et al., 2017; Zhang, 2018), especially those
participating in the 51—55 pattern, which was rather unproductive in pseudo-words
(Zhang et al., 2009; Zhang & Lai, 2008; Zhang et al., 2011). The surface representation

may be episodic and is stored in memory as a frozen chunk.

The underlying representation view suggests that all the disyllabic words are
listed in their pre-sandhi form (i.e., canonical form) despite that they surface in the
post-sandhi form in communication. For example, the representation of the tone sandhi
word /tsuo213 teiau213/ A “left foot” would be /tsuo213/ plus /teiqu213/ in the
mental lexicon. According to this view, the allophonic Tone 2-like forms are abstracted
away from the mental lexicon. Therefore, it overlaps with the abstract representation
account. The underlying representation account can be seen from the data of an early
study concerning how Mandarin Tone 3 sandhi is represented in the mental lexicon
(Zhou & Marslen-Wilson, 1997). In the study, Zhou & Marslen (1997) designed three
types of disyllabic prime words: (i) the Tone 3-initial non-sandhi words (Tone 3 + Non-
Tone 3 syllable; e.g., / ts‘ai213 xun35/ F2HI “rainbow™), (ii) the Tone 2-initial words
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(e.g., /ts‘ai35 xua35/ A 4E “talent”), and (iii) the control words (e.g., /t‘ieen55 y35/
K#5 “swan”). They then used an auditory-auditory priming lexical decision task to
examine the effect of the different types of primes on the lexical decision of tone sandhi
words (e.g., /ts‘ai213 te’y213/ XEX “adopt”). The Tone 3-initial non-sandhi words
are in the same tonal category with the sandhi words in their underlying form, whereas
the Tone 2 initial words share similar pitch contours with the sandhi words in their
surface form. Control primes do not share anything in common in terms of lexical tones
or segments. The reaction latency showed that the processing of Tone 3 sandhi words
was significantly facilitated by Tone 3-initial non-sandhi words, which belong to the
same lexical tonal category in the underlying form. Meanwhile, they found an
inhibitory effect from Tone 2-initial disyllabic primes. The facilitatory effect from the
Tone 3-initial prime words could indicate an underlying representation of Mandarin
Tone 3 sandhi. However, when they examined the priming effect of the Tone 2 initial
disyllabic words, Tone 3 initial disyllabic words, and the Tone sandhi disyllabic words
on the decision latency of Tone 2 initial disyllabic targets (e.g., /ts‘ai213 p’an51/ F§
#| “referee”) in the other experiment, the result showed that even the Tone 2 initial
disyllabic prime words showed a significantly more inhibitory effect. According to an
empirical study of Sereno & Lee (2015), a facilitatory effect can be found in the
priming lexical decision task when a prime word and a target word overlapped in both

tonal and segmental information. While in Experiment 2 of Zhou and Marslen-Wilson,
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no priming effect was found when the initial syllables of Tone 2 prime words and Tone
2 target words overlapped in terms tones and segments, which may result from the

distraction of the second syllable of the prime words in the experiment.

Chien and his colleagues (2016) verified the underlying representation view of
Mandarin Tone 3 sandhi in Mandarin adult speakers with an updated paradigm. In the
research, they adopted the paradigm of Zhou & Marslen-Wilson’s study (1997), with
the only crucial difference being that they used monosyllabic primes in examining the
representation of tone sandhi, which eliminates any priming effect arising from the
second syllable of the disyllabic word. Specifically, they examined the reaction time to
tone sandhi targets with an auditory-auditory priming lexical decision experiment.
Each disyllabic sandhi target (e.g., /fu213 tau213/ %5 “to counsel”) was preceded
by any of three types of monosyllabic primes, namely, a Tone 2 prime (e.g., /fu35/ Ak
“be convinced”), a Tone 3 prime (e.g., /fu213/ %4 “to assist™), or a control prime (e.g.,
/fus5/ B “to apply”). The Tone 3 prime matched the sandhi initial syllable in its
underlying form, whereas the Tone 2 shared a similar pitch contour with the sandhi
initial syllable in its surface form. Control primes did not share anything in common in
terms of lexical tones. They found that Tone 3 primes facilitated participants’ lexical
decision latency, while Tone 2 primes did not show any facilitatory effect relative to
the control primes. In addition to this, they added word frequency as a factor to examine
the nature of the representation of Mandarin Tone 3 sandhi. If the sandhi words were
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represented in their underlying form, these underlying priming effects would occur
regardless of the target word frequency. The results showed that the frequency of the
sandhi words did not affect the effect of priming. As a result, they concluded that
Mandarin Tone 3 sandhi words were represented in their underlying form (Tone 3 +

Tone 3) in Mandarin adult speakers’ mental lexicon.

The multi-variant account assumes that the underlying tone and its tonal
variants can co-exist in the mental lexicon for the Mandarin Tone 3, possibly together
under the node of the abstract underlying Tone 3. In other words, if the account applies
to the encoding of Mandarin Tone 3 sandhi items, the representation form of the initial
word would be both the underlying Tone 3 and the allophonic Tone 2-like form. This
account has been verified by a series of studies (Chen et al., 2011; Li & Chen, 2015;
Nixon et al., 2015). For example, Chen et al. (2011) designed three experiments with
the implicit priming paradigm (also called form preparation paradigm; see Cholin &
Levelt, 2009; Meyer, 1990, 1991, for details), to seek evidence from the phonological
encoding of Mandarin Tone 3 sandhi word. The results of vocal reaction time
demonstrated that the mental lexicon contains both the underlying- and the surface-
form representations. However, the surface-form representations in this study may not
necessarily be episodic. The surface form Tone 2-like representations may also be
abstracted from the sandhi exemplars. The finding is also compatible with results of a
behavioural study with the picture-word interference experiments (Nixon et al., 2015)
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and a mismatch negativity (MMN) study investigating the effect of allophonic
variation on the mental representation and neural processing of Mandarin Tone 3 (Li
& Chen, 2015). For example, Li and Chen (2015) used the MMN paradigm in which
Tone 1, Tone 2, and Tone 3 syllables were designed as stimuli with the carrier segment
[ma]. Four standard/deviant conditions were designed: Tone 1/Tone 3, Tone 3/Tone 1,
Tone 2/Tone 3, and Tone 3/Tone 2. Results showed that Tone 1 standard /Tone 3
deviant and Tone 3 standard/Tone 1 deviant conditions yielded comparable MMN
effects. However, Tone 2 standard/Tone 3 deviant and Tone 3 standard/Tone 2 deviant
conditions showed asymmetrical MMN effects. In Tone 3 standard/Tone 2 deviant
condition, the MMN effect was significantly reduced compared to the reversed Tone 2
standard/Tone 3 condition. Li and Chen (2015) claimed that the reduced MMN effect
in the Tone 3 standard/Tone 2 deviant condition may be due to the fact that when
participants heard a Tone 3 syllable, both Tone 3 and sandhi Tone 3 representations
were activated. This, consequently, affected the MMNSs to T2 deviant. Based on these
results, Li and Chen (2015) proposed that Tone 3 is stored as both Tone 3 and sandhi
Tone 3 in the mental lexicon. The multi-variant account for Mandarin Tone 3 sandhi
has extended the hybrid model targeting at the segmental and prosodic levels (e.g.

Mitterer et al., 2011; Pierrehumbert, 2016)

Besides, it should be noted that MMN studies of Li and Chen (2015)focused on
how the Tone 3 monosyllables are represented in the mental lexicon rather than the
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Tone 3 sandhi words. Concerning the same question regarding the representation
features of Mandarin Tone 3, the experiments of Politzer-Ahles et al. (2016) showed a
different result. To be specific, they designed three experiments investigating the
representation of Mandarin Tone 3 by looking at the MMN responses to Tone 3 in
contrast with the other three Mandarin tones. In the experiments, the participants were
presented with monosyllabic Tone 3 words and the other three Mandarin tones which
alternatively served as standards and deviants. The results showed that when Tone 3
contrasted with other tones, asymmetrical MMNSs were observed, while no asymmetry
was observed in conditions when the other tones were contrasted. Since they (2016)
also found an asymmetry in the contrast between Tone 3 and Tone 4 in the experiments
in addition to the contrast between Tone 3 and Tone 2. They argued that the putatively
underspecified nature of Tone 3 may weaken the contrast between standards and
deviants. Taken together, further research may be required to confirm the mental

representation of Mandarin Tone 3 in monosyllabic conditions.

In addition to the representation features of the productive Mandarin Tone 3
sandhi, it is also worth mentioning that speakers may store unproductive sandhi
patterns differently in the mental lexicon in spoken language comprehension when
compared to the productive sandhi pattern (Zhang, 2018). He suggested that
unproductive alternation patterns (e.g., those involved in a circular chain shift) call for
an analysis of surface-form lexical listings (facialized by the lexical mechanism),
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whereas the productive Mandarin Tone 3 sandhi pattern requires computational
processing involving the underlying representation. While the multi-variant account
possibly relates to both lexical and computation mechanisms where the abstract
underlying form connecting to the computation mechanism and the storage of Tone 2

allophones relating to the lexical mechanism.

2.4. Children’s acquisition of tones and tone sandhi

Convergent results indicate that Mandarin Tone 3 sandhi is highly productive
and is manipulated by means of the computation mechanism in adult speakers.
However, it is still unclear when the pattern becomes productive during children’s
language development. Many studies have investigated children’s first language
acquisition and have tried to describe children’s learning process (Cazden, 1968;
Pinker, 1999; Jenny & Ann, 2001). Child language acquisition and cognitive
development are reported to take the course of a U-shaped learning process (Case,
2005). Take the development of plural inflection in English as an example (Cazden,
1968). The acquisition of English plural inflection goes through four stages: (i) The
inflection is absent, e.g., “What are those?”” “Shoe.” (i1) Occasional productions with
plural inflections occur, but with no error overgeneralizations. e.g., “Girls are singing.”
(iii) Children start to produce more plurals but tend to make more overgeneralizations
at the same time. “e.g., Two mans are talking.” “You pull my pantses down.” (iv)

Children start to use the plural ending correctly nearly all the time. The four stages can
28



be summarized as a gradual development from the lexical mechanism to the
computation mechanism, and finally to a combination of both. At stages (i) and (ii),
children memorize the words via the lexical mechanism regardless of whether or not
they added the plural-form. When they try to use the computation mechanism at stage
(iii), overgeneralization occurs. Although more errors appear at stage (iii), it does not
necessarily mean that their ability has decreased. Instead, it indicates that children have
started to become aware of the morphological pattern and have begun actively to apply
the pattern to new words. At the final stage, the precise use of plural forms requires the
involvement of both the computation mechanism and lexical mechanism. The plural
inflection (e.g., shoe-shoes) is manipulated through the computation mechanism,
whereas for the irregular nouns (e.g., man-men), the lexical mechanism is presumably

adopted.

The acquisition of Mandarin tone sandhi may not necessarily undergo all the
stages because the application of the sandhi pattern was rather regular in adults’ speech
production. However, it is still highly likely that they undergo development from the
lexical mechanism to the computation mechanism. In particular, children might start
producing tone sandhi words based on adult utterances, that is, memorizing the words
in their surface forms at an early age. However, the acquisition of Tone 3 sandhi pattern
goes beyond the storage of memorized tone sandhi words at a certain age. They can
apply the pattern to words they have not heard. For example, they may learn to
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pronounce the word /eiau213 kou213/ /N “puppy” by memorizing the heard
surface-form [eiau35 kou213] as a frozen chunk. That is, they may acquire the Tone 3
sandhi words by the lexical mechanism at the beginning, but the computation
mechanism becomes dominant after they are exposed to enough sandhi and non-sandhi

words.

An adult-like performance in the application of the productive tone sandhi
requires collaborative efforts in many aspects. It is not difficult to imagine that during
the process of language acquisition, both the surface and the underlying forms of Tone
3 words are provided to children in language input. For example, the word /ciau213/
/v “small” may be frequently heard by children in different forms, such as /¢iqu213
xuab5/ /\ff “flower”, /eiau35 kou213/ /)\¥q “dog”, or single word /eciau213/ /|,
At the very beginning, children may only memorize the different forms as frozen
chunks. To achieve this, it first requires children’s acquisition of tones and tone sandhi
words in both production and perception. While if a child is asked to link the surface
allophones of an initial syllable (e.g., /eiau213/) appearing in different tonal contexts
(e.g., /eiau213 xua55/ and /eiqu35 kou213/ to the same morpheme, some more efforts
are required. It involves children’s ability to manipulate the disyllabic tone sandhi
words into syllables first, which is usually called syllable awareness (e.g., Shu et al.,
2008). In speech productions, as seen in the example, the speech flow is not always
neatly presented in single words but is rather showed as a surface-form speech flow.
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To discover the initial syllable of the sandhi words, children need to decompose the
disyllabic words into syllables. Besides, it possibly further requires children’s
development of morphological awareness (Hao et al., 2013; Chang, et al., 2003), which
refers to the explicit or implicit manipulation of morphological units to morphemes. To
identify the surface-form allomorphs of the initial syllable (/eiau35/) in /eiau35
kou213/ as the underlying Tone 3, children are expected to aware the word meaning
regardless of whether it is in surface or underlying form. Besides, children’s maturation,
language input, vocabulary, literacy, or Pinyin learning may influence the progress of
sandhi application. Pinyin refers to a romanized translation of Chinese characters (see

https://www.pinyin-guide.com/ for details). In Mainland China, all character

pronunciations can be denoted by the alphabetic coding system. For example, 7]\ is
transcribed as ‘xiao3’ in Pinyin. The letter-sound correspondence is highly regular.
Children typically receive systematic explicit Pinyin instructions when they enter
Grade 1 of primary school. Previous literature has demonstrated that explicit learning
of Pinyin enhances children’s phonological awareness (e.g. Siok, & Fletcher, 2001;

Yinetal., 2011).

Plenty of studies have examined children’s productions of Mandarin tones.
They observed children’s productions of tones in both longitudinal and synchronic
perspectives. The convergent results showed that children’s acquisition of tones
showed a tremendous amount of individual differences. The first longitudinal study
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can be traced back to Chao’s observations (Chao, 1973) of phonological development
in a 28-month-old girl who acquired Mandarin Chinese as her first language in the U.S.
He recorded and analyzed the child’s vocabulary and phonology during a one-month
observation period. The tracking result showed that the child produced tones in
isolation correctly at the beginning of the study (i.e., two years and four months;

hereafter 2;4, in which 2 represents the year, and 4 represents month).

Later, Clumeck (1977) reported longitudinal data for three children. Two of
them were raised in monolingual families. Of these, one child, a boy, was studied from
2;3 to 3;5 years old, and the other child, a girl, from 1;0 to 2;10. Their tone productions
in isolation and utterance-final position were analyzed in imitated, elicited, and
spontaneous production. The results showed that both children acquired the level tone
and the falling tone “almost” entirely, but that they were still undergoing development

in producing the rising and low-level tones until three years old (Clumeck, 1977).

Another longitudinal study (Zhu, 2002) recorded four children’s productions
from 10 to 14 months in Beijing, China. The data collection ended when the children
aged 2, except one who was only recorded to 20 months old. Results found that the
children’s productions of the four lexical tones in Mandarin Chinese were stably

acquired between the age of 1; 2-1; 9.

Li and Thompson (1977) observed tone acquisition features in Mandarin-

speaking children from both longitudinal and synchronic perspectives. They recruited
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17 children from 1;5 to 3 years in Taipei and traced their tone production for seven
months. In their results, they did not explicitly illustrate the timeline of tone acquisition;
instead, they reported the order of tone acquisition in the Mandarin-speaking children,
namely that high and falling tones (Tone 1 and Tone 4) were acquired before the rising
and dipping tones, and that the acquisition of lexical tones was expected to be earlier

than the acquisition of segmental elements.

Zhu and her collaborator Dodd also conducted a comprehensive large-scale
cross-sectional study on children’s production of Mandarin (Zhu & Dodd, 2000). This
study gave a better picture of the acquisition of tones, based on 129 children (1;6-4;6).
They found that the children in the youngest age group (aged 1;6 — 2;0) had acquired

the production of tones in different linguistic contexts.

According to the papers reviewed above, it remains challenging to determine
the critical age for children’s acquisition of the four lexical tones in Mandarin Chinese.
Several results have shown that tone production was acquired before two years old (e.g.,
Chao, 1973; Zhu & Dodd, 2000), whereas other studies have reported that tone
production was not fully acquired even at three years old. For example, three-year-old
children were found in one study to continue to have difficulties in distinguishing
between rising and dipping tones (Clumeck, 1977). The discrepancies in the findings
mainly result from different rating criteria and different sample sizes. The production

accuracy of tones was determined merely by one or two transcribers’ subjective
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transcriptions in some studies (e.g., Chao, 1973; Zhu & Dodd, 2000). Besides,
children’s production of tones could also be judged with the support of lexical and
other contextual cues (e.g., Chao, 1973; Clumeck, 1977), which created expectations
for the target tone. The effect may lead to the tones produced by children being
accepted as correct by the judge, even though there might be subtle phonetic

discrepancies in the tone production (e.g., Zhu & Dodd, 2000).

Wong and her collaborators (Wong, 2005; Wong, 2012; Wong & Strange, 2017)
conducted a series of experiments to examine Mandarin-speaking children’s
acquisition of lexical tones in both monosyllabic and disyllabic environments. Their
results showed that children’s acquisition of tones was not acoustically accurate as
early in age as previous studies had suggested. In a speech perception task, they
recruited children as well as some of their mothers to produce a set of words that carried
different tones in a picture reading experiment. They also recruited Mandarin-speaking
judges to identify the productions of tones. To eliminate the influence of lexical cues,
they filtered out the segmental information from the produced words before conducting
the tone production judgment. The results suggested that children’s production of the
four lexical tones in monosyllables was not yet adult-like at three years old. Among
the four lexical tones, the children had the most difficulties with the low dipping tone.
In the disyllabic environment, children had not reached the adult level in the production
of Mandarin tones even at six years old. In lexical tone perception, the results revealed
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that three-year-old Mandarin-speaking children perceived the four lexical tones with
high accuracy (Wong, Schwartz, Jenkins, 2005). Therefore, the conclusion might be
that the children may have a good recognition of the four lexical tones by three years
old. However, possibly due to their immature speech motor control, children’s tone
production was still undergoing development even at six years old in the disyllabic

environment.

For the acquisition of tone sandhi items, previous results were also
inconsistent. In general, children who speak Mandarin as their mother tongue could
produce lexical tones and Tone 3 sandhi words at or before age 3 (Chao, 1973; Tang,
2013; Wang, 2011; Wang et al., 2015). However, their productions were still not adult-
like at five years old (Rattanasone et al., 2018). The earliest studies can also be traced
back to Chao’s paper (1973) in which the girl was reported to produce some tone sandhi
words from age 2;4 to age 2;5. In a more recent study, Wang et al. (2015) recruited
children from 2;6 to 3;6. By observing the acoustic features of pronounced sandhi
words, such as /s‘0u213 piau213/ F3k “watch,” they concluded that children had
acquired the production of tone sandhi words at two years and seven months old.
However, the conclusion made in the paper was based only on a comparison between
the children’s productions in the different age groups and a description of the figure
derived from the acoustic pitch trajectory. When compared with the acoustic pitch
realization of sandhi words in adults’ speech production (Rattanasone, Tang, et al.,
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2018), the results revealed that children from three to five years of age produced the

sandhi words with a more flattened rising curve than adults.

2.5. The productivity of tone sandhi in novel words and its

mental representation feature in Mandarin-speaking children

It is worth noting that the correct production of Tone 3 sandhi real words does
not imply the productivity of Tone 3 sandhi in novel words. Previous studies on the
acquisition of productive voicing neutralization and alternations in Dutch have
revealed that children still exhibited errors in applying the patterns productively to
novel words even when they were able to produce the alternations correctly in real
words (e.g., Zamuner, et al., 2006). Likewise, children’s acquisition of Mandarin Tone
3 sandhi may also undergo developmental stages in reaching an adult level of

productivity in novel words.

As far as children’s productive knowledge of tone sandhi in pseudo-and non-
words is concerned, however, less is investigated. Tang and his collaborators (Tang,
Yuen, et al., 2019) explored children’s productive use of Tone 3 sandhi pattern in
pseudo-words in three- to five-year-old children. For those pseudo-words, the output
of which can lean upon either the previously heard sandhi allomorphs or the
computation mechanism, Mandarin-speaking children were reported to have reached

an adult level of productivity at three years old (Tang, et al., 2019). To be specific, the
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authors examined the children’s productions of disyllabic Tone 3 sandhi pseudo-words
(called novel words in that paper) such as /ma213 ku213/ &% “horse drum” with
adults as controls. The acoustic analysis showed that the children from three to five
years of age applied the pattern productively to those pseudo-words, just as the adults
did. However, they only used the pseudo-words (e.g., /ma213 ku213/) in their
experiment. Since the pseudo-words still have lexical entries for participants to retrieve,
it is unknown when the Mandarin-speaking children would reach adult-like
productivity in the production of Tone 3 sandhi non-words, thereby demonstrating a
developed computation mechanism. Meanwhile, considering the possible acoustic
difference between children and adults, it is more credible to take advantage of
children’s productions of real tone sandhi words as controls. Second, they only
included four items in the experiments. Some variations may, therefore, be hidden in
this case. In order to take a closer observation of the productive knowledge, this thesis

included 20 test items, and made use of both tone judgment and acoustic analysis.

Regarding children’s representation of tone sandhi in the mental lexicon, a
previous study (Wewalaarachchi & Singh, 2016) indicated that when children were
presented with both surface-form Tone 3 sandhi words (e.g., /iy35 san213/) and the
underlying-form sandhi words (e.qg., /iy213 san213/), they only recognized the surface-
form at ages three and five. This possibly suggests that children who speak Mandarin
Chinese as their mother tongue still process the tone sandhi words as frozen chunks
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(subserved by the lexical mechanism) up to age five. However, since the underlying
forms are inaccurate productions, and the experiment did not explain whether adults
accept the underlying form words. If even adults don’t accept such forms as okay

examples, then we can’t pin it down as underdevelopment in children.

While considering the adult production and mental representation of Mandarin
Tone 3 sandhi, the sandhi form is suggested to be computed productively from the
underlying form (Chien et al., 2016; Zhang & Peng, 2013; Zhang & Lai, 2008). Given
the aforementioned results, children may undergo a transformation from the lexical
mechanism to the adult-like computation mechanism. To find out when Mandarin
children reach the adult-like pattern, I conducted a series of experiments that examined
the performance of children from three to eight years old, as well as that of adults, who
acted as controls. Moreover, the factors that may contribute to the development of tone

sandhi were discussed. These studies are elaborated in the following chapters.
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Chapter 3 The Productivity of Mandarin Tone
3 Sandhi in Mandarin-speaking Children

3.1. Introduction

As discussed in the previous chapter, two operational mechanisms might
influence the productivity of tone sandhi in Chinese dialects: a rote-memory lexical
mechanism and a computation-based productive mechanism (originated from Pinker,
1998; Zhang & Peng, 2013; Zhang, et al., 2015; Zhang et al., 2011). Studies have
reached the consensus that the application of the Mandarin Tone 3 sandhi pattern is
highly productive in novel words in adult Mandarin speakers (Zhang & Lai, 2010;
Zhang et al., 2015; Zhang & Peng, 2013). However, it is still uncertain when this
phonological pattern becomes productive in novel words in children learning Mandarin

as their mother tongue.

Children’s acquisition of some morphological patterns, such as the English past
tense inflections, has been demonstrated to proceed according to developmental stages,
progressing from unanalytic memorization of lexical items (implying the lexical
mechanism; Jenny & Ann, 2001), to a regularized computation and productive

application of the linguistic patterns to new items (implying the computation
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mechanism), and finally to a combination of both mechanisms (lexical: go-went &

computation: watch-watched; Pinker, 1999).

Unlike the morphological processing such as the English past tense or plural
infections, which includes both regular and irregular forms, the Mandarin Tone 3
sandhi pattern is highly regular. It is thus expected to undergo development through
the first two stages only, from the lexical mechanism to the computation mechanism.
The hypothesis has been tested and verified in part by some empirical studies. As has
been shown, children were able to produce some recognizable sandhi words at or
before three years old (Wang et al., 2015; Li & Thompson, 1977; Chao, 1973; Hua &
Dodd, 2000), although their productions were not yet acoustically accurate enough
even at five years old (Rattanasone et al., 2018). For the pseudo-words, the output of
which can lean upon either the previously heard sandhi allomorphs or the computation
mechanism, Mandarin-speaking children were reported to have reached an adult level
of productivity at three years old (Tang et al, 2019). The accumulative results imply
that the lexical mechanism is dominantly utilized at around three years old. To uncover
when Mandarin-speaking children reach adult-like productivity in the production of
Tone 3 sandhi novel words, thereby demonstrating a developed computation
mechanism, this study examined the speech productions of both Mandarin-speaking
children from three to eight years old and adults, using real words, pseudo-words, and
novel words. It is expected that Mandarin-speaking children acquire the adult-like
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pattern in real and pseudo-word conditions at three to five years old, and reach the
adult-like pattern in novel words, where the computational phonological processing is

required.

3.2. Methods

3.2.1. Participants

Seventy-four children (age range: 3;0-8;10) and thirteen adults were recruited
for the study. Among the children, nine were aged 3 (between 3;0-3;11), thirteen were
aged 4 (between 4;5-4;11), thirteen were aged 5 (between 5;2-5;11), thirteen were aged
6 (between 6;0-6;11), thirteen were aged 7 (between 7;2-7;11), and thirteen were aged
8 (between 8;3-8;9). All the adults have received systematic explicit Pinyin instructions.
The seven- and eight-year-old children were all recruited from primary school and had
thus received explicit Pinyin instructions. The children aged three to six were all
recruited from kindergartens. The three and four-year-old children have never received
any explicit Pinyin instructions. While five and six-year-old children either had a few
exposures to explicit Pinyin instructions beforehand (partially trained) or were
systematically trained. Table 3.1 listed the specific information about the participants
in each age group. All children were monolingual speakers of Mandarin Chinese who
had not been exposed to any other languages, such as English or other Chinese dialects.

All children passed the hearing screening at 1000 Hz, 2000 Hz, and 4000 Hz at 30 dB
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on both left and right ears using the headphone (Interacoustic AS608 Screening
Audiometer). All children were instructed to accomplish intelligence tests (WISC-R;
Zhang & Lin, 1979), which were revised versions of Wechsler’s test. The tests included
two versions, one of which was for preschoolers below six and a half years old and the
other one for children above six and a half years old. The 1Q scores were comparable
between different age groups (except for the 3-year-old children, who were not tested
when the first three participants failed to complete the tests). The experimental
procedure was approved by the Human Subjects Ethics Sub-committee of The Hong
Kong Polytechnic University. Informed written consent was obtained from all of the

adult subjects and children’s caregivers in compliance with experimental protocols.

Table 3.1 Information of participants in each age group

mean age whether received
age groups | number gender ratio
(age range) Pinyin instructions
3y 9 3;8 (3;0-3;11) 5M/4F 9 (no training experience)
4y 13 4,9 (4;5-4;11) 8M/5F 13 (no training experience)

5 (systematically trained); 8 (partially
5y 13 5;5 (5;2-5;11) 8M/5F

trained)
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7 (systematically trained); 6 (partially
6y 13 6;7 (6;0-6;11) 3M/10F
trained)
7y 13 7;9 (7;2-7;11) 7M/6F 13 (systematically trained)
8y 13 8;8 (8;3-8;9) 7M/6F 13 (systematically trained)
adult 13 27,6 (23.2-31.3) 6M/7F 13 (systematically trained)
3.2.2. Stimuli

productively, real words, pseudo-words, and novel words were designed for the
experiment. Each type of word included 20 test items (Tone 3 + Tone 3 words) and 20
control items (Tone 3 + Non-Tone 3 words). For the items in the test and control groups,
the initial syllables within each pair were always the same. Table 3.2 listed the specific
information about the three types of words. Considering the association between vowel

height and FO values (e.g., Lehiste, 1970), the experiment design covered as many

To examine whether the Mandarin Tone 3 sandhi pattern was applied

consonants and vowels as possible in each lexicality condition.

Table 3.2a a list of the real words where the onset and rhyme of the initial syllable for the Tone 3 +Tone

3 words and Tone 3+ Non_Tone3 words are provided.

Tone 3 +Tone 3

Tone 3 + Non_Tone 3 onset rhyme
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10

11

12

13

14

15

16

17

18

19

20

INEE
KR
KA
Fi5
R
wF
L
Vi
W%

ZH

ZE
M
pis3i7S
NG
Z4
FMN
INE
TKHR
K4E

TR

sh

sh

sh

sh

ao

en

ai

iao

ao

ou

iao

ui

ui

ou

uo

uo

uo

uo
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Table 3.2b a list of the pseudo-words where the onset and rhyme of the initial syllable for the Tone 3

+Tone 3 words and Tone 3+ Non_Tone3 words are provided.

Tone 3 +Tone 3

Tone 3 + Non_Tone 3 onset

rhyme

10

11

12

13

14

15

16

17

18

19

20

oE
£%
BN
P
RER
KF
O]
AR
G2

i
KK
RiK

<

L)
BN

BEx

FT

m

ao

ao
iV
ou
an
ing
ue

ai

ao
an
ai
iao
ui
huo

iao
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Table 3.2c a list of the novel words where the onset and rhyme of the initial syllable for the Tone 3

+Tone 3 words and Tone 3+ Non_Tone3 words are provided.

Tone 3 +Tone 3 Tone 3 + Non_Tone 3 Fillers
1 zhei3 £ zhei3 zhen2 &
2 mie3 B mie3 #4¢ mingl &
3 hei3 F hei3 ZF huail &
4 sen3 & sen3 £ shunl &
5 cou3 i cou3 3L cong4d
6 diu3 @ diu3 & dang2 B
7 nou3 & nou3 £ nuol &
8 ce3 i ce3 & cui2 g
9 miu3 miu3 3§ mianl
10 kuo3 <> kuo3 Bk kao2 <
11 nen3 3 nen3 & nund 3
12 shuo3 =& shuo3 & shua2 &
13 chuo3 chuo3 & chua2
14 chua3 & chua3 5K chuo2 &
15 te3 4% te3 £t tie2 4%
16 ne3 1% ne3 £t neil &
17 den3 ¥ den3 38 diud ¥q
18 suan3 & suan3 & sa2 4
19 eng3 i§ eng3 L] erl /&
20 zhui3 Wy zhui3 = zhun2 |
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To further explain the three types of words in this study, the real words are
actual disyllabic words or phrases which occur in daily life. They are all frequently
used or heard and all have concrete meanings, for example, /ciau213 ts‘au213/ /NE
“grass” vs. /eiau213 xuab5/ /\fE “flower”. The pseudo-words are non-occurring
combinations of real monosyllables, that is, both their initial and final syllables are
actual morphemes occurring in Mandarin Chinese, but their combination is rarely
found in everyday communication. In the pseudo-word condition, the two syllables
also have concrete meanings which would be highly familiar to children, such as
animals, plants, or body parts. For example, /ma213 ts‘au213/ G E “horse grass” vs.
/ma213 s‘u51/ G “horse tree”. The novel words were the composition of an AG
word in Mandarin phonology and a real monosyllable. In this experiment, the AG word
refers to a type of novel syllable whose combination between consonant and vowel
occurs in Mandarin Chinese, but which yields no real morpheme when combined with
either Tone 2 or Tone 3, such as the syllable /mie213/. The syllables /mie213/ and
/mie35/ correspond to no morpheme in Mandarin Chinese, but the combination
between the consonant /m/ and vowel /ie/ does in fact exist in Chinese phonology

(/mie51/ 1s a real word “to destroy” in Mandarin).

3.2.3. Procedure

To ensure that the child would take the initiative in speaking the specified words,

this study adopted an elicited picture-naming task, usually called a “wug test” (Gleason,
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1958). The experiment started with an elicited word-guessing game for the pseudo- and
novel words. The real word condition was conducted last, with a picture-naming task.
For the two types of pseudo-sequences, the experimenter presented slides of pictures
on a laptop to the subjects and instructed them that the alien girl “Xiao Yu” wanted
them to learn words on her planet. In the pseudo-word condition, two pictures were
shown on one page to indicate the two syllables, which were introduced syllable by
syllable in their underlying forms by an experimenter, and the children were required
to combine the two syllables into a new word. In the novel word condition, the
experimenter assigned each AG syllable a lexical meaning (e.g., /mie213/ is a verb
which means “(for two men) to carry something”) and asked the children to combine
the AG word and the real monosyllabic word into a new word. Take the speech
elicitation of the novel word /mie213 ts‘au213/ mie3 E “to carry grass by means of
two men” as an example: the experimenter firstly showed a picture indicating that
‘mie213’ is a verb which refers to “to carry something by means of two men.” The
experimenter then familiarized the children with the word by giving examples, like so:
“If two men carry a book (/s‘u55/ 3 in Chinese), we would say /mie213 s‘u55/. Then,
if two men carry grass (/ts‘au213/), what we should say?” It is worth emphasizing that
the syllables in the pseudo- and novel word conditions were introduced in their
underlying form. The task is not easy, especially for three-year-old children. Before the

experiment, | offered children training with enough practice trials to ensure that they
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understood the tasks and could combine the two syllables into new words in pseudo-
and novel words. For the real word condition, one picture was presented in each trial.
The children were asked to tell the experimenter what was in the picture. The children
were instructed to produce each target item twice. The first token would be preserved
for analysis unless it was not ideal due to environmental noise or prolonged productions.

Figure 3.1 is a list of sample materials for each type of word.

Test items Control items

real words

e.g./s'ou213 piau213/

&/s‘ou213 tGi55/

pseudo-words

- , TS
e.g./pi213 kou213/ , \i ‘, {lu /

&/pi213 tsu55/

novel words (AG)

e.g./mie213 ts'au213/ M M kﬂ \‘/
Al &Igﬂfiizﬂ

&/mig213s‘u51/
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Figure 3.1 Sample materials for the three types of words

3.2.4. Recording and segmentation

The interactions of the experimenter and participants were all recorded by
digital recorders (Sony, ICD-PX470) at 16 bits with a 44100 Hz sampling rate. The
experiment lasted 30-60 minutes for a child and approximately 25 minutes for an adult.
To avoid fatigue and to encourage the children to be engaged, the experiment was
divided into at least six parts. The children were allowed to rest between two parts for
at least ten minutes. A child would be awarded some toys or snacks every time he/she
actively engaged himself/herself in the task for more than 5 minutes. If a child lost
interest in the experiment on that day, she/he would be invited to complete the

experiment in the following few days.

Participants’ productions were further labelled and extracted from the
recordings using Praat (Boersma & Weenink, 2018) for further analysis. Before the
analysis, the trials were scrutinized. Trials would be discarded if they met the following
criteria: (i) The AG syllable was mistakenly produced as an actual-occurring syllable
(e.g., mie213, produced as mei213); (ii) The interval between the two syllables in the
sandhi context was longer than 200 ms (this criterion was used for excluding trials that

did not form a disyllabic word which would affect the application of Tone 3 sandhi);
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and (iii) For items that were produced twice, the first production was preferentially
used, and the second token would be used for analysis only when the first production
was unsuitable due to noise or other factors. Preserving one token for each item in each
speaker, there were 10440 tokens (87 subjects * 120 items) in total, of which 8385 of

them were eventually preserved for analysis.

3.3. Data analysis

Participants’ production was analyzed from two perspectives: (i) judgment of
tone production by phoneticians and (ii) acoustic analysis of the sandhi words. For the
phoneticians’ judgments, the production of each disyllabic sequence (e.g., /mie213
ts‘au213/), and the initial Tone 3 syllable extracted out of that sequence (e.g., /mie213/),
were segmented. For the acoustic analysis, the rime of each initial Tone 3 syllable of
the disyllabic sequence (e.g., /ie213/ in /mie213/) was segmented. This chapter focuses

on the result of the phoneticians’ judgment.

3.3.1. Participants for the tone production judgments

For the tone production judgment, eight Mandarin-speaking phoneticians who
were postgraduate students majored in experimental phonetics participated in the task.
They were from Northern dialect-speaking areas. None of them was reported to have
any hearing impairment. All participants gave informed consent in compliance with a

protocol approved by the Survey and Behavioral Research Ethics Committee of The
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Hong Kong Polytechnic University. Given the difficulty of detecting the Tone of the
initial syllable in the sandhi context, phoneticians’ productions showed some
variabilities. The results of five of the eight phoneticians were preserved for final
analysis because they met the following criteria. (i) Their rating accuracy of the adult
Tone 3 + Non-Tone 3 trials was higher than 95% (i.e. consistently, they classified the
first syllable as Tone 3 in Tone 3 + Non-Tone 3 trials); and (ii) they reached a
significant intra-judge agreement on tone sandhi application/non-application in the
trials of the participants (i.e., in rating the data of seven subjects whose productions
were repeated three times in the speech production task); and (iii) they reached a
significant inter-judge agreement with others on tone sandhi application/non-
application in the trials of the adult participants according to the results of the Fleiss’
kappa test (k = 0.826, p <.001) (Gwet, 2014). In the analysis with Fleiss’ kappa, the k
value gives a measure for how consistent the ratings are among raters more than three,
and the p-value expresses the extent to which the observed amount of agreement among
raters exceeds the random result. The kappa value is expected to be above 0.75 if the

results were in good agreement.

3.3.2. The procedure of tone production judgment

The tone production judgment was presented in E-Prime 2.0 (Psychology
Software Tools, Inc., 2017). To eliminate any distracting effects from semantic

meaning and context on the tone judgment of the initial syllable, a disyllabic sequence
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was presented first in each trial, followed by the initial syllable of that disyllabic
sequence. The phoneticians were instructed to identify whether or not the initial Tone
3 syllable underwent tone sandhi. If tone sandhi was applied, they were asked to press
2 (a sandhi Tone 3 becomes Tone 2 or Tone 2-like), and if it was produced in the
underlying form of Tone 3, they were instructed to press 3 (indicating Tone 3 or a Tone
3-like tone); if the production was neither the underlying form nor the surface form of
Tone 3 (indicating a mispronunciation), they were asked to press 0. After the tone
production judgment task, a five-degree rating task was presented to evaluate how
similar the production they heard was to their chosen tone, on a scale of 1-5, in which
5 represents remarkably similar and 1 very different. If they chose 0 in the identification
session, they would also be instructed to press O in the rating session. The specific
procedure of the task is described in Figure 3.2. The procedures were first shown to the
participant in a written instruction and then explained orally to them again to make sure

that they understood the experiment.

initial syllable Whether sandhi | 12345
— —> .
(eg. B) applies (rating)

(identification)

disyllabic sequence
(eg. BE)

Figure 3.2 The procedure of the production judgment test
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Both the test items (Tone 3 + Tone 3 sequences) and the control items (Tone 3
+ Non-Tone 3 sequences) were included in the production judgment task. The results
of the test items were primarily used for data analysis. The whole task is rather long
and requires a high degree of concentration. To ensure the accuracy of the judgments,
the task was divided into 30 blocks in which the three types of stimuli were randomly
mixed. Each block took the raters for about 30 minutes. They were allowed to take
breaks at any time they desired. Moreover, if they found that they had made a mistake,

they could correct it at any time.

3.4. Results

3.4.1. Result of the tone production judgment

Figure 3.3 summarizes the sandhi application rate of Tone 3 production in the
three types of stimuli in each age group. Boxplots, which display the distribution of
data within each age group at the first quartile (Q1), median (Q2), and third quartile
(Q3) respectively, and the individual points of sandhi application rate, ranging from

30% to 100%, are displayed.
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Sandhi Application Rate

group
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real word pseudo-word novel word
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Lexicality Condition

Figure 3.3 the individual features of the sandhi application rate for the test items. The dots represent

individuals’ sandhi application rate, grouped by age.

First, statistical analyses were conducted on the sandhi application rate of the
Tone 3 sandhi items across different age groups. We measured the sandhi application
rate in Tone 3 sandhi words according to the five phoneticians’ judgments. It was
labelled as 1 if the initial Tone 3 syllable was judged to be Tone 2-like (indicating the
application of the sandhi pattern), and as 0 if the item failed to exhibit a tone sandhi
pattern (indicating underapplication). Mispronunciations were deleted for analysis.
There is currently a debate in the literature concerning the appropriate method for
constructing statistical models. Barr et al. (2013) has argued that random effects
structure should be kept maximal, in that model comparisons should be made by

starting first with a full random structure and then eliminating non-significant
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predictors. The advantage of this method is that it circumvents the possibility of falsely
reporting a fixed effect which originates from the misspecification of an unknown true
random-effect structure. While convergence problems would occur if model models
were too complex. If the maximum likelihood estimation of a model failed to reach
convergence, one correlation parameter would be removed. Following the method of
Barr et al. (2013), | adopted backward algorithms for model comparison. To be specific,
data were analyzed by generalized linear mixed-effects models (Baayen, 2008), using
the package Ime4 (Joshua et al., 2010) in R (R core team, 2014). The binomial
distribution and the logistic link function with family = “binomial” were selected for
the analysis. The R package ImerTest was used to provide p-values for models
(Kuznetsova, et al., 2016). The model included sandhi application (1 indicates
application; 0 indicates underapplication) as the dependent variable, the lexicality
condition (real words, pseudo-words, and novel words) and age groups (3y, 4y, 5y, 6y,
7y, 8y, and adult) as independent variables, subject, and item as random factors.
Random slopes were also added for each of the fixed effects. Models were compared
using log-likelihood ratio tests to determine if given terms significantly improved the
model. For the age group, the adult group is treated as the baseline first to which the

other age groups are compared.

The results showed that the best model included an interaction between
lexicality conditions and age groups, and lexicality condition|item, subject as random
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factors. To compare whether children performed differently from adults in each
lexicality condition, data were analyzed separately in the three lexicality conditions.
The analyses demonstrated that the age group variable contributed significantly to the
model across all the three lexicality conditions. In real words, the application rates of
three- to five-year-old children were significantly lower than adults (ps<.001). In the
pseudo-word condition, the results were the same: three- to five-year-olds exhibited
significantly lower sandhi application rates than did the adults (ps<.001). In the novel
word condition, however, the three- to six-year-old children showed a significant
difference in the application of sandhi pattern from the adults, indicating a significantly
lower application rate in three- to six-year-olds than the adults (ps<.001), while the
difference between six-year-olds and adults was marginally significant (p=.05).

Detailed information is reported in Table 3.3.

Table 3.3 Fixed effect estimates of children’s sandhi application across different age groups compared

to adults in the three lexicality conditions.

Lexicality age group Estimate Std. Error z value P-value

condition

Real word (Intercept) 4.0831 0.3756 10.870 p<.001***
y3-adult -1.4754 0.5278 -2.795 p<.01 **
y4-adult -1.0448 0.468 -2.231 p<.05 *
y5-adult -1.3121 0.4687 -2.799 p<.01 **
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y6-adult 0.0754 0.5657 0.133 p=0.89385

y7-adult -0.5530 0.5222 -1.059 p=0.2896
y8-adult 0.0175 0.5028 0.035 p=0.97212
Pseudo-word (Intercept) 4.358 0.707 6.166 p<.001 ***
y3-adult -2.848 0.813 -3.502 p<.001 ***
y4-adult -1.840 0.658 -2.796 p<.01 ***
y5-adult -1.366 0.656 -2.083 p<.05 **
y6-adult -0.402 0.748 -0.538 p=0.59090
y7-adult -0.261 0.787 -0.331 p=0.74065
y8-adult -0.520 0.543 -0.958 p=0.33784
Novel word (Intercept) 4.0061 0.3753 10.675 p<.001 ***
y3-adult -2.4903 0.5536 -4.498 p<.001 ***
y4-adult -1.6693 0.5391 -3.097 p<.01 **
y5-adult -1.4526 0.5123 -2.835 p<.01 **
y6-adult -0.9613 0.5199 -1.849 p=.05-
y7-adult -0.5576 0.5757 -0.969 p=0.33274
y8-adult 0.6642 0.5827 1.14 p=0.25435

Secondly, another analysis was conducted adding Pinyin instructions as a
variable in addition to the lexicality conditions and age that examined the influence of
explicit Pinyin instructions on sandhi application. The analysis focused on the five and
six-year-olds where there was a mixture of children with and without systematic Pinyin
training. The factor Pinyin instruction was treated as a categorical variable

(systematically trained, partially trained). Data were analyzed by a generalized linear
58



mixed-effects model (Baayen, 2008), using the package Ime4 (Joshua et al., 2010) in
R (R core team, 2014). The R package ImerTest was used to provide p-values for
models (Kuznetsova, et al., 2016). The model included sandhi application (1 indicates
application; 0 indicates underapplication) as the dependent variable, lexicality
condition (real words, pseudo-words, non-words) and Pinyin instruction
(systematically trained, partially trained) as independent variables, subject, and item as
random factors. Random slopes were also added for each of the fixed effects. The
statistical analysis started with a full random structure. Models were compared using
log-likelihood ratio tests to determine the best model. The results showed that adding
the variable ‘Pinyin instructions’ did not significantly improve the model. The analysis,
therefore, demonstrated that the prior experience on explicit Pinyin instructions does
not significantly influence children’s operation mechanism of tone sandhi. However, it
is noteworthy that only 5 five- and six- year -old children among the 26 have received
systematic explicit Pinyin instructions. The null effect of Pinyin instruction in this part

may result from the limited number of sample size.

It is worth noting that, although the three- to five-year-old children showed
significantly lower sandhi application rates than the adults in both real and pseudo-
word conditions, the degree of underapplication was different in the two lexicality
conditions. The difference between three- to five-year-olds and adults was much
smaller in the real words than in the pseudo-words. The evidence can be found by the
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Estimate (effect size) in Table 3.2, which represents the difference between the child
age group and the adults in each lexicality. To be explicit, the larger the absolute value
of effect size, the larger the difference between the children’s age group and the adults.
Positivity and negativity indicate the difference between the target group and the
baseline (adult). Therefore, a negative effect size suggests lower application rates in
children than in adults. As can be seen in the table, the absolute effect size in the pseudo-
and novel words was rather large in three-year-old children, suggesting a more

underapplication rate in the pseudo- and novel words of three-year-olds.

Thirdly, an analysis was conducted comparing the application rate of children
in the seven-year-old group to the younger age groups, since the seven-year-old
children had reached the adult-level sandhi application in all three lexicality conditions.
The results showed that there was no significant difference in children across those age
groups in the real word condition. In the pseudo-word condition, the three- and four-
year-olds were found to demonstrate significant differences compared with seven-year-
old children (3y: estimate = -1.998, S.E. = 0.633, t =-3.153, p < .001; 4y: estimate = -
1.491, S.E. = 0.574, z = -2.598, p < .01). In the novel words, only the three-year-olds
were significantly lower in sandhi application than the seven-year-olds (estimate = -
1.998, S.E. = 0.578, z = -3.456, p < .001). This analysis with seven-year-olds as the
baseline also somewhat supports the argument above that there is a larger difference
among the younger children in pseudo-words compared to real words.
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It is also worth noting that, the individuals showed a wide range in the sandhi
application rate among different age groups. For adult participants, the individual
application rates were densely distributed above 90%. Individual differences became
larger in younger groups. To recapitulate the results of the tone production judgment
task regarding the general rate of sandhi application, children’s application of tone
sandhi was not adult-like in three- to five-year-olds in all three lexicality conditions.
We can see from the individual data (Figure 3.3), however, that the pattern was not
consistent among the subjects. As can be seen in the case of the three-year-old children,
there is a large number of individual differences, where some individuals performed at
a very high sandhi application rate, even in novel words, whereas some individuals

performed rather poorly.

A further pattern was observed in the data, concerning the sandhi application
rate for each test item (Figure 3.4). This pattern is similar to that of the individual
participants, in that the adults and the older children showed more or less consistent
sandhi applications, regardless of the items. Younger children, by contrast, showed a
wider range in the rate of their application of sandhi among different items in pseudo-

and novel words.
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Figure 3.4 illustrates the sandhi application rate of individual test items. The dots represent the sandhi

application rate for each test item in each age group.

To sum up, the Mandarin-speaking children reached the adult level of
productivity at six years old for real and pseudo-words and reached the adult-like level
of application at seven years old for novel words. Moreover, even though the results in
the real and pseudo-word conditions appeared to be similar, in that the three- to five-
year-old children exhibited significantly poorer performance than adults, it was evident
that the underapplication rate was different to a degree. The three-year-old children

showed a more obvious trend of underapplication in pseudo- and novel words.

Last, analyses were conducted to pinpoint the operational mechanism in the
pseudo-word condition. As mentioned in the introduction, two possible operational

mechanisms underly the correct application of Tone 3 sandhi for the pseudo-words.
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First, children may take advantage of previously heard sandhi allomorphs of the initial
syllables, which are listed in the mental lexicon. However, to make use of the sandhi
allomorph, children would have to extract those syllables from previously heard
disyllabic words that undergo tone sandhi. For example, children may make use of the
sandhi allomorph /¢i35/ %t “to wash” in /i35 s‘0u213/ &3 “to wash hands” when
producing the pseudo-word /¢i35 xai213/ & “to wash sea”. The second possibility
is that children may merely take advantage of the phonological pattern and apply the
pattern computationally. A possible way to segregate these two explanations is to check
the probability of the sandhi-initial allophones occurring in the sandhi context in the
language input to children, and examine whether their probability of occurring in the
sandhi context influences the sandhi application rate. The lexical mechanism (e.g.,
sandhi allomorphs stored in memory) predicts that the sandhi application rate in
pseudo-words would be influenced by the probability of word-initial morphemes
occurring in the sandhi context, whereas the computation mechanism predicts no
relationship between the two. The ideal way to test the above two hypotheses would be
to examine the occurrence of word-initial morphemes occurring in the sandhi context
in a corpus of children’s vocabulary or speech input to the children. However, there is
only one toddler’s checklist available (Hao et al., 2008), which targeted children before
three years old. It can be seen from this checklist that children have very little

vocabulary with sandhi allophones before three years of age (Hao et al., 2008). To
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glean some information about the operational mechanisms in pseudo-words, this study
made use of an existing Mandarin adult corpus (Cai & Brysbaert, 2010), which was
subtitle-based. Given that the children’s primary input was from adults’ speech

(including possible TV influence), it may be worth taking advantage of the adult corpus.

The sandhi probability of the initial syllables occurring in the sandhi context
was treated as a continuous variable. The operational mechanism was discerned by
examining whether the variable sandhi probability significantly influenced the sandhi
application rate in each age group. Data were analyzed by a generalized linear mixed-
effects model (Baayen, 2008), using the package Ime4 (Joshua et al., 2010) in R (R
core team, 2014). The R package ImerTest was used to provide p-values for models
(Kuznetsova, et al., 2016). The model included sandhi application (1 indicates
application; 0 indicates underapplication) as the dependent variable, age groups (3y,
4y, 5y, 6y, 7y, 8y, and adult), and sandhi probability as independent variables, subject,
and item as random factors. Random slopes were also added for each of the fixed
effects. Statistical data analyses started with a full random structure. Models were
compared using log-likelihood ratio tests to determine the best model. The results
showed that the variable ‘probability’ did not significantly influence the model. This
suggests that it is the computation mechanism that may be active in the application of

the sandhi pattern in pseudo-words. The sandhi application results in this condition
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suggest that children reach adult-like productivity in the computation-based pseudo-

word processing at six years old.

3.4.2. The result from the rating score

As was explained earlier, the rating score indicates how similar productions
were in terms of the tone chosen: 5 represents remarkably similar and 1 extremely
different. Therefore, the rating score of an instance of sandhi “application” can be
interpreted as the degree to which it sounds like Tone 2; for the “underapplication”
category, it can be interpreted as the degree to which it sounds like Tone 3. It would be
intriguing to examine the rating scores of the sandhi sequences (Tone 3 + Tone 3
combinations) that were categorized as “underapplications” in the tone judgment task.
In this condition, the higher the rating score, the more underlying Tone 3 like the item
is. Figure 3.5 summarizes the rating score of these test items in the three lexicality
conditions in each age group. In the figure, the distribution of rating scores within each
age group at the first quartile (Q1), median (Q2), and third quartile (Q3) respectively,

and the individual points of the rating score, ranging from 2 to 5, are displayed.
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Figure 3.5 The rating score of Tone 3 productions in the “underapplication” category (Tone 3-like) in

each age group.

Data were statistically analyzed by a linear mixed-effects model using the
package Ime4 (Bates et al., 2014) in R (R CoreTeam, 2014). The R package ImerTest
was used to provide p-values for models (Kuznetsova, et al., 2016). The model included
participants’ rating scores for the tone sandhi items in the underapplication category as
the dependent variables, and the lexicality conditions (real word, pseudo-word, novel
word) and age groups (y3, y4, y5, y6, y7, y8, and adult) as independent variables. It
also included individual subjects, items as random factors, and the random slopes of
each independent variable. The analysis began with a full random structure. Terms
were dropped off individually, and successive models were compared with likelihood

ratio tests to determine if a given term significantly contributed to the fit of the model.
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The results showed that the best model included interactions between the
lexicality conditions and age groups, with a random intercept of individual subjects.
The data were then analyzed separately in each of the three conditions. For age groups,
the rating score for the adults was treated as the baseline. The analyses demonstrated
that the age group variable did not significantly contribute to the model in either real
word, pseudo-word, or novel word conditions, which suggests no significant difference

in rating scores between children and adults.

3.5. Discussion

The study examined the productivity of Mandarin Tone 3 sandhi in children
learning Mandarin Chinese as their mother tongue with adults as controls across the
three lexicality conditions, i.e., real words, pseudo-words, and novel words. The results
of the tone production judgment and the rating score demonstrate a developmental
trajectory in gaining adult-like high productivity. Firstly, the result confirmed high
productivity in adult Mandarin speakers in sandhi application across the three lexicality
conditions. By comparing children’s performance to that of the adults, the results
suggest that children showed relatively low productivity to the three types of words
from three to five years old, this is especially true for the three-year-old children when
producing pseudo- and novel words. This indicates that the lexical mechanism is
involved in these age groups under such conditions. Besides, children reached the

adult-like application in pseudo-words at six-year-old, and in novel word condition at
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seven years old, indicating that children started to transit from using the lexical
mechanism to applying the computational mechanism at the age of six, and had fully
developed the ability to tone sandhi via the computational mechanism at the age of

seven.

Tang et al. (2019) examined the productivity of Mandarin Tone 3 sandhi in the
disyllabic pseudo-words (e.g., /ma213ku213/ &g “horse drum™) in children aged
three-to-five with adults as controls. They found that three-year-olds have already
applied the sandhi pattern productively to the pseudo-words as well as adults. The
discrepancies between the findings of the current study and Tang et al. (2019) may be
due to the difference in the stimulus complexity. In their study, there were only four
pseudo-words and they were all designed with noun-noun combinations. In contrast,
the current study contained twenty tone sandhi pseudo-words that covered different
types of combinations such as noun-noun-combinations, noun-verb combinations,
verb-noun combinations, in addition to twenty novel words. With a larger number of
items and richer grammatical structures in the stimuli, the current study provided
compelling evidence that only children aged six and older have reached the adult level
of productivity in pseudo-words. In fact, another study which measured the acoustic
features of Mandarin Tone 3 sandhi (Rattanasone, Tang, et al., 2018), showed that
children haven’t fully reached the adult-like acoustic realizations at five years old even
in the real words, which is partially consistent with the findings here.
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It is also noteworthy that, although Mandarin-speaking children had not
reached an adult level from three to five, their tone sandhi application rates in pseudo-
and novel words were not particularly low. Their sandhi application rate was above 80%
in real words across all the age groups. Even in novel words, the application rate was
still above 80% for Mandarin-speaking children from four years old onwards. Besides,
when looking at the individual features, it is evident that participants showed
substantial individual differences, especially in the younger age groups. For instance,
some three-year-old children exhibited rather high sandhi application rates in novel
words. This may be influenced by children’s vocabulary size and language inputs, etc.
Moreover, previous Pinyin instructions are also expected to influence the progress of
sandhi application, even though the current statistical analysis concerning the five to
six-year-old children did not found a significant influence on them. Future studies
should examine the possible reasons for the development of tone sandhi and the
individual variations systematically to shed further light on the productivity of tone

sandhi and the factors influencing it.
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Chapter 4 The Acoustic Realization of
Mandarin Tone 3 Sandhi in Mandarin-
speaking Children

4.1. Introduction

The realization of a phonological pattern can be reflected in its phonetic basis.
However, even though there existed acoustic differences between the sandhi Tone 3
and Tone 2 in novel words, these differences were not detected in adult speakers’
perception (Zhang & Peng, 2013). Given the possible discrepancies between how Tone
3 sandhi is perceived and its actual acoustic features, it is valuable to observe the

acoustic features of the test items based on the tone production judgment.

Previous studies have explored the productivity of Mandarin Tone 3 sandhi by
observing its acoustic realization in different types of pseudo- and novel words in adult
Mandarin speakers. For example, the results from Zhang and Lai (2010) showed that
speakers’ production of pseudo- and novel Tone 3 sandhi words had lower and later
turning points than did their production of real sandhi words. Tone 3 sandhi pseudo-
and novel words were produced more like an underlying Tone 3 than real words. This
indicates an acoustic incomplete application of the sandhi pattern in pseudo- and novel

words in adults. Zhang and Peng (2013) further compared the acoustic features of
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sandhi Tone 3 syllables with Tone 2 syllables in real and novel word conditions. If the
tone sandhi pattern was realized in the sandhi context, the initial Tone 3 syllable was
expected to be Tone 2-like. The results showed that sandhi Tone 3 exhibited
significantly lower FO than Tone 2 syllables in novel words, but no significant
difference was found in real words. This further confirmed the acoustic incomplete
application of the sandhi pattern in adults’ production of novel words. It is essential to
differentiate the two terms “underapplication” and “incomplete application” here. The
incomplete application of the pitch trajectory cannot be detected perceptually in adult

speakers, while the “underapplication” has its perceptual basis.

Despite accumulating interest in the acoustic realization of Mandarin Tone 3
sandhi in pseudo- and novel words in adult speakers (Zhang and Lai, 2010; Zhang and
Peng, 2013), no consensus has been reached on the acoustic features of the application
of Mandarin Tone 3 sandhi in novel combinations over the course of children’s
development. Tang et al. (2019) examined three- to five-year-old children’s
productions of disyllabic Tone 3 sandhi pseudo-words with adults as controls, and
acoustic analysis showed that the children from three to five years of age applied the
pattern productively to the pseudo-words, just as the adults did. However, this requires
further verification because previous literature has found that children’s production of
Tone 3 sandhi real words was still not adult-like from three to five years of age
(Rattanasone et al., 2018). According to the acoustic analysis of children’s production
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of Tone 3 sandhi real words (Rattanasone et al., 2018), children in these age groups

were found to produce the sandhi words with a more flattened rising curve than adults.

To gain better insight into children’s production of Tone 3 sandhi, this study
examined the acoustic characteristics of the production of real, pseudo- and novel
sandhi words in both three- to eight-year-old children and adults. This study further
divided children’s performances into three categories: application, underapplication,
and mispronunciation. By exploring the acoustic realizations of items that were
identified as “application”, I can gain a better understanding of the acoustic realization
features for the items that were perceived as sandhi Tone 3. According to the result of
the speech production judgment, the three to five years old children showed a
significant trend of underapplication in pseudo- and novel words. It is highly possible
that trends of incomplete application may still exist in children especially from three to
five years old when calculating the production of sandhi Tone 3 syllables in the
“application” category. While it is also possible that the acoustic differences no longer
exist for those who have been judged as applying the sandhi pattern. The acoustic

features were analyzed in terms of pitch trajectory to test the predictions.

4.2. Method

The subjects and stimuli were identical to those of the experiment in Chapter 3.

Specifically, 74 children, whose ages ranged from three to eight years old, and 13 adults
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were recruited for the study. All children were monolingual speakers of Mandarin
Chinese and had not been exposed to any other languages or other dialects. All children
passed the hearing screening at 1000 Hz, 2000 Hz, and 4000 Hz at 30 dB on both left
and right ears using headphones (Interacoustic AS608 Screening Audiometer). 1Q
scores were comparable among the different age groups (except for the 3-year-old
children). Informed written consent was obtained from all adult subjects and children’s

caregivers, in compliance with the experimental protocols.

To examine whether the Mandarin Tone 3 sandhi pattern was applied
productively, real words, pseudo-words, and novel words were designed for the
experiment. Each type of word included 20 test items (Tone 3 + Tone 3 words) and 20
control items (Tone 3 + non-Tone 3 words). The study adopted a picture-naming task

that elicited spontaneous productions of the three types of words.

4.3. Data analysis

As mentioned in the previous chapter, participants’ productions were labeled
and extracted from the recordings in Praat (Boersma & Weenink, 2016) for both tone
production judgment and acoustic analysis. Before the data analysis, the experimenter
scrutinized the data and preserved 8385 tokens out of the original 10440 (87 subjects
* 120 items) for analysis. Among the preserved tokens, 4505 were test items. The

results of the acoustic analysis of the tone were based on the tone production judgment.
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Specifically, data were further classified into three subgroups according to the
judgments of five phoneticians: application of tone sandhi (Tone 2-like),
underapplication (Tone 3-like), and misproduction. Precisely, a production was
classified into the “application” subgroup if it was identified as exhibiting applied tone
sandhi by three or more phoneticians. It was categorized into the “underapplication”
group if identified as underapplied by three or more of the five phoneticians. Similarly,
a production was categorized into the “mispronunciation” group if it was identified as
a mispronunciation by three or more phoneticians. The number of test items in each

condition is shown in Table 4.1.

Table 4.1 The number of preserved test items in each lexicality condition

adult 8y 7y 6y Sy 4y 3y
real word 260 239 200 196 260 200 134
pseudo-word 260 253 200 206 260 223 133
novel word 258 246 190 200 256 197 134

The duration and FO of the rhyme of each initial syllable in a Tone 3 disyllabic
sequence (e.g., /ie213/ in /mie213/) were measured with Praat (Boersma & Weenink,
2016) from the trials within each speaker. FO was measured at 20 sampling points

evenly spaced across the rhyme duration (0%, 5%, 10%, ... 95%, and 100%). The
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extracted FO values were then log-transformed from Hz to semitones. The log-
transformed FO values were then z-score normalized against the mean pitch across all
tokens for each speaker to minimize inter-speaker variations in pitch (e.g., Zhu, 2005).

The formula for normalizing the FO values of each token is illustrated below.

Z-score Normalized Pitch = [Observed Pitch - Mean Pitch (Individual)] / Standard Deviation of Pitch

(Individual)

4.4. Results

4.4.1. Acoustic realization of Mandarin Tone 3 sandhi items

that were classified as “application”

Figure 4.1 depicts the pitch trajectories for the initial syllables of the test items
that were classified as “application”. In the Figure, mean and S.E. of the pitch values

of test items identified as sandhi “application” were presented.
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Figure 4.1 Mean and S.E. of the pitch values of test items identified as sandhi “application”

Growth curve analysis (Mirman, 2014) was used to characterize the pitch
trajectories of the three types of words (real words, pseudo-words, and novel words)
that were classified as “application” over the course of the 21 time points. The overall
learning curves were modeled with second-order orthogonal polynomials, following
previous studies on Mandarin tones or tone sandhi (Li & Chen, 2016; Rattanasone et
al., 2018; Tang, 2019), with fixed effects of lexicality conditions and age groups on all
time terms. The model also included random effects of participants and test items on
all time terms. The fixed effects of lexicality condition and age group were added step
by step to the pitch points and their effects on model fit were evaluated using model
comparisons. Improvements in model fit were evaluated using -2 times the change in

log-likelihood, which is distributed as 2 with degrees of freedom equal to the number
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of parameters added. Parameter-specific p-values were estimated using the normal
approximation. All analyses were carried out in R (R Core Team, 2014) using the Ime4

package (Bates et al., 2014).

The analysis generated three parameters for each pitch contour, i.e., (1) the
intercept, (2) the linear trend, (3) the quadratic trend. According to Mirman (2014), the
three parameters capture, respectively, the overall FO mean (the higher the intercept,
the higher the average FO), pitch slope (as reflected in the linear trend: a positive value
indicates a rising pitch and a negative value a falling pitch; a larger estimate indicates
a steeper slope); and curvature (a positive quadratic trend indicates a concave FO
contour, a negative quadratic trend a convex contour, and a larger quadratic trend a
more curved FO contour). These parameters were used to evaluate any differences in

the overall FO contour among the groups and lexicality conditions.

Table 4.2 Results of the linear mixed regression model with second-order polynomials on pitch points
of the initial tone sandhi syllable that was classified as “application” in disyllabic sequences across age

group and lexicality condition.

Pitch parameter Factor X2 Chi Df p

Intercept Condition 1.55 2 <.01
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Group 0.0000 2 1

Group x Condition | 2252.3650 2 <.001

Condition 10.0031 2 <.01

linear Group 0.000 6 1.00
Group x Condition | 234.6197 20 <.001
Condition 15.1980 0 <.001

Quadratic Group 6.3686 6 .383

Group x Condition | 37.4582 20 <.05

As summarized in Table 4.2, there was a significant main effect of lexicality
and interactions between group and lexicality on all the three observed trends. Post-
hoc analyses were carried out with second-order orthogonal polynomials to build
separate linear mixed-effects models for each age group, analyzing the effect of
lexicality condition on the FO trajectories. For the lexicality condition, the real word
condition was treated as the baseline. The parameter estimates for analyzing the effect
of lexicality on pitch trajectory are summarized in Table 4.3 where only significant

findings are listed. No acoustic comparison between children and adults was made due

to the potential distinctions arising from age difference.

78




Table 4.3. Parameter estimates for analysis of the effect of lexicality on pitch trajectory

Age group Lexicality condition | Estimate @ S.E. = df p
adult Intercept | Pseudo-real -21 .05 53.16  <.001
Novel-real -.17 .05 | 54.33 | <.001
Quadratic | Novel-real .14 .06 | 110.95 | <.05
8y Intercept | Pseudo-real .24 .07 | 51.61 | <.05
Novel-real .16 .07 | 52.12 | <.001
Linear Pseudo-real .83 .14 | 52.12 | <.001
Novel-real .37 .14 £ 5173  <.001
Quadratic = Pseudo-real .25 .07  60.47  <.001
Novel-real .18 .07 | 62.50 | <.05
7y Intercept | Pseudo-real .26 .10 | 57.30 | <.05
Quadratic | Pseudo-real .23 11 | 57.54 | <.05
Novel-real .24 11 | 61.79 | <.05
6y Linear Pseudo-real .30 .15 | 55.82 | <.05
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Quadratic | Pseudo-real .20 .09 | 84.11 | <.05
Sy Intercept | Pseudo-real -.40 .06 | 63.97 | <.001
Novel-real -39 .06 | 63.35 | <.001
4y Intercept | Pseudo-real -.17 .06 | 57.43 | <.001
Linear Novel-real 0.46 .19 5754  <.05
Quadratic | Pseudo-real .23 .12 | 59.59 | <.05
Novel-real .23 12 | 62,94 | <.05
3y Intercept | Pseudo-real -.25 .08 | 72.10 <.001
Novel-real -.25 .08 | 68.51 | <.001
Quadratic | Pseudo-real .30 11 161.71  <.05

In the adult group, the results showed that both pseudo-words and novel words
exhibited a significantly lower mean FO than the real words. The results also found a
significantly larger quadratic trend in the novel words than the real words, indicating a
more concave FO contour. Compared to the adult results, children’s pitch trajectories
showed different trends that developed from underapplication in the three-year-old

group to overapplication or over articulation in the six- and eight-year-old groups.
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More specifically, in the three-year-old group, a significant effect of lexicality
on the intercept was found in both the pseudo-words and the novel words, which
suggested that the pseudo- and novel words exhibited a significantly lower mean FO
than the real words. The pseudo-words also exhibited a significantly larger quadratic
trend than real words did, indicating a more concave FO contour in this type of words.
In the four-year-old group, the results showed significantly lower mean FO and more
concave FO contours in the pseudo-words than in the real words, in addition to a
significantly more rising trend and a more concave FO contour in novel words. In the
five-year-old group, the results showed significant effects of lexicality on the linear
trend, with a lower mean FO in both pseudo- and novel words compared to the real

words.

For the six-year-old children, the results exhibited significant effects of
lexicality on both the linear and the quadratic trends in pseudo-words, indicating more
rising FO trends and more curved FO contours. In the seven-year-old group, the results
showed a significantly higher mean FO and a significantly larger quadratic trend in
pseudo-words than did the real words. There was also a significantly larger quadratic
trend in novel words than in the real words in seven-year-olds, indicating a more
concave FO contour. In the eight-year-old group, the effect of lexicality was significant

on all three observed trends in both pseudo-and novel words, which showed a
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significantly higher mean FO than the real words did, as well as more rising pitch

contours and more concave FO contours compared to those of the real words.

Two primary scenarios can be summarized from the results above. 1) a
significant negative intercept alone or a significant interaction between the intercept
term (negative) and quadratic trend (positive) would indicate a trend of incomplete
application (i.e., the sandhi Tone 3 produced with a significantly lower mean FO or
more low-dipping/concaved FO contour); 2) a significant positive linear trend alone or
a positive linear trend plus a significant positive quadratic trend would provide
evidence of a more steeply rising tone contour, that is, an over-application or over
articulation of the sandhi Tone 3. Based on the principles, the three and five age groups
showed significant trends of underapplication in both pseudo-words and novel words
than in real words. For the children aged four, the results revealed a trend of
underapplication in pseudo-words than in real words, similar to three- and five-year-
olds; however, the interpretation of the trend in novel words for the four-year-old
children is uncertain. Although the results showed a more rising FO and a more concave
FO contour, which might suggest overapplication, a closer examination of the FO
trajectories in Figure 4.1 indicated that the significant rising trend in the linear term
may be due to the low FO value in FO onset. Therefore, it may be better-suited to
classify the patterns as underapplication. Intriguingly, the six- and seven-year-olds
exhibited a significant trend of overapplication in pseudo-words. And the eight-year-
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olds exhibited trends of overapplication in both pseudo- and novel words than did the
real words. Last, the results of adults revealed a significant trend of incomplete

application in both pseudo- and novel words than real words.

4.4.2. Underapplication and mispronunciation

In addition to the analyses of the pitch trajectories that were classified as
“application”, the pitch trajectories of test items that were identified as
“underapplication” in different lexicality conditions were also depicted (see Figure 4.2).
For the tokens categorized as “underapplication”, the pitch trajectories of real and
pseudo-words generally showed flatter pitch contours, with larger standard errors. In

the novel words, the pitch trajectories generally showed later turning points.

Z score of FO

Condition
-
Real word
Pseudo-word
Novel word

10 15 20 5 10 15 20 5 10 15 20
Time points
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Figure 4.2 Mean and S.E. of the pitch values in the “underapplication” category

The study also calculated the percentage of mispronunciations in each age
group, as well as in each lexicality condition. Detailed information is given in Table
4.4. As can be seen from the table, the three-year-old children exhibited a relatively
larger percentage of inaccurate productions in pseudo- and novel words. The rate of

mispronunciations for the other age groups was not large in general.

Table 4.4 The rate of mispronunciations of test items in each age group

3y 4y Sy 6y 7y 8y adult
real word 1.13% 0.97% 0.29% 0.65% 1.12% 0.25% 0.00%
pseudo-word 5.80% 0.42% 0.00% 0.53% 0.22% 0.16% 0.00%
novel word 3.34% 1.22% 0.28% 0.42% 1.04% 0.49% 0.23%
total 3.47% 0.86% 0.19% 0.53% 0.78% 0.30% 0.08%

4.5. Discussion

This chapter has examined the acoustic realization of children’s productions of
Tone 3 sandhi real words, pseudo-words, and novel words in Mandarin-speaking

children and adults. As mentioned before, real words are expected to be listed in

84



children’s mental lexicon and can, therefore, be memorized via the lexical mechanism.
Pseudo-words have been shown to operate primarily by the computation mechanism.
For novel words, children are expected to lean solely on the phonological pattern for
computational processing. To understand the acoustic features of the sandhi items in
different age groups as well as in different lexicality conditions, pitch trajectories were
analyzed. The results showed that the three to five age groups showed significant trends
of incomplete application in both pseudo- and novel words that were classified as
“applied” tone sandhi. This may further suggest children’s low productivity in pseudo-
and novel words in these age groups. Contrastively, children aged six-to-eight showed
significant trends of overapplication in pseudo-words compared to real words; the
eight-year-olds also exhibited a significant trend of overapplication in novel-words.
The overapplication trends in the results may be treated as an indicator of children’s
awareness of the sandhi pattern and their attempts to apply the sandhi pattern,

exhibiting a trend of overapplication or over articulation.

The results of adults revealed a significant trend of incomplete application in
both pseudos- and novel words than real words. This appears to be consistent with the
previous experiments of Zhang and Lai (2010). The result could be because the pseudo-
and novel words were presented syllable by syllable in their underlying forms in the
experiment, while the real words were elicited via a word-guessing game in which no
underlying tones were shown. The sandhi tones in pseudo- and novel words may,
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therefore, have been more likely to bear more resemblance to the underlying tone than
to the sandhi tone. Zhang and Lai (2010) have also linked the incomplete application
of tone sandhi in adults to a weaker phonetic motivation for this type of sandhi pattern

in nature.

The integrated results of the tone production judgment and the acoustic analysis
offered us a comprehensive and broader scale picture of children’s productivity of tone
sandhi, showing the developmental trajectory of Mandarin-speaking children toward
gaining adult-like productivity: three- to five-year-old children were not able to apply
the sandhi pattern as well as adults, which implies that children of this age cohort
primarily take advantage of mental listings in the lexicon and rely on the lexical
mechanism to produce Tone 3 sandhi words. After a year of development and transition
at the age of six, the seven-and-eight-year-olds have fully acquired the adult-like
computation mechanism. Besides, as the sandhi pattern and the computation
mechanism were gradually acquired, children tended to apply it actively, sometimes

possibly showing certain trends of over articulations in speech production.
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Chapter 5 The Representation of Mandarin
Tone 3 sandhi in the Mental Lexicon of
Mandarin-speaking Children

5.1. Introduction

Acquiring the sound system of one’s native language is a rather complicated
process. During this process, a child may take advantage of not only a well developed
articulatory control but also the capacity to process and represent the components of
the language in the mental lexicon. Till now, children’s sensitivity to segments and
tones has gained great attention (Ma et al., 2017; Singh & Fu, 2016; Tong et al., 2015;
Shen et al., 2013). However, there are some more complicated linguistic phenomena,
such as tonal alternations, that have been less investigated in children. This chapter
focuses on one such tonal alternation: Mandarin Tone 3 sandhi. It is fascinating to learn
how Mandarin Tone 3 sandhi are represented in the mental lexicon and how children’s
representations of tone sandhi evolve into adult representations during the course of

language development.

As summarized in the literature review, there are three well-attested accounts
of how tone sandhi words are represented in adults’ mental lexicon: the surface

representation view, the underlying representation view, and the multi-variant account
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(Chen et al.,, 2011; Li & Chen, 2015; Chien et al., 2016, 2017; Zhang, 2018).
Converging evidence (Chien et al., 2016, 2017; Zhang, 2016; Zhang, 2018) has
demonstrated that the Mandarin Tone 3 sandhi, which involves phonological
computation mechanisms, were retrieved with their underlying tone in the spoken
language comprehension of adult speakers (supporting the underlying representation
view). While in speech production, both the underlying tone and its Tone 2-like tonal
variants are activated (Chen et al., 2011; Li & Chen, 2015). It is worth noting that both
the lexical and computation mechanisms may be involved in this condition where the
storage of instantiated surface-form representation relating to the lexical mechanism
and the abstract underlying-form representation connecting to the computation
mechanism. According to the psycholinguistic models of Levelt et al. (Indefrey, 2011;
Levelt, 1999; Levelt et al., 1999), lexical and phonological processing occurs before
the initiation of speech production. Therefore, the overall picture for the representation
of Mandarin Tone 3 sandhi in adult speakers should be: the underlying representation
or different forms of exemplars may be activated when hearing the Tone 3 sandhi word,
while both the allophonic representation and the abstract underlying forms are activated
when producing the word. Moreover, previous literature (Chien et al., 2016, 2017;
Zhang, 2016; Zhang, 2018) has shown that adult speakers treat sandhi patterns with
low productivity differently in their mental lexicons compared with the patterns with

high productivity. Unproductive types of sandhi, which involve lexical memorization
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of allomorph listings of existing morphemes or syllables, were more likely to be listed
in the surface tone (supporting the surface representation view). According to the
results of Chapters 3 and 4 concerning the productivity of Mandarin Tone 3 sandhi in
the speech production of Mandarin-speaking children, the productivity of Tone 3
sandhi undergoes a gradual transformation from relatively low productivity in pseudo-
and novel words in three- to five-year-old children to more and more adult-like
productivity—even some exaggerations—»by six years old. This suggests that, at first,
children primarily rely on the lexical mechanism to process Tone 3 sandhi words, while
they take more and more advantage of the computation mechanism from the age of six.
Children may make full use of the computation mechanism at seven years old, because,
in novel words, where participants could solely rely on the computation mechanism
productively, seven-year-olds demonstrated adult-like productivity. Based on results
from adult speakers, which found an association between productivity and features of
representation (Chien et al., 2016, 2017; Zhang, 2016; Zhang, 2018), it is likely that
children also undergo a gradual developmental trajectory to reaching an adult-like
underlying representation of Mandarin Tone 3 sandhi. Between three to five years of
age, they may primarily take advantage of surface forms when making lexical
responses to tone sandhi items. By seven years of age, they are expected to approach
the adult mental representation, which primarily makes use of the underlying forms

according to the underlying representation view.
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As one previous study of children’s representation of tone sandhi words in the
mental lexicon (Wewalaarachchi & Singh, 2016) has found, when children were
presented with surface-form Tone 3 sandhi words (e.qg., /iy35 san213/) and underlying-
form sandhi words (e.g., /iy213 san213/) between three and five years old, they only
recognized the surface-form. This may suggest that children who speak Mandarin
Chinese as their mother tongue still process tone sandhi words in their surface form
(facilitated by the lexical mechanism) up to age five. However, since the underlying-
form words never occur in daily life, and there are no data to support that such forms
were acceptable even in adults, we can hardly attribute this to the underdevelopment
of underlying representations in children. Therefore, in order to find how and when
children reach the adult underlying representations of Mandarin Tone 3 sandhi, the
current study observed children from three to eight years old with adults as controls as
they were found to be presented in their underlying Tone 3 forms (Chien et al., 2016;

Zhang, 2018).

5.2. Method

The study used an auditory-auditory priming lexical decision task, following
the paradigm of Chien et al. (2016). This is an efficient way to examine the features of
the mental representation of morphological or phonological alternations. In the task,
participants judge whether an experimental item they hear is a word or not. The latency

with which the participants respond “yes” to this question is influenced by the exposure
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to an earlier item (prime). If a prime word shares some overlapped modalities, such as
form overlap, with the target (teacup-cup), the reaction latency of the target is expected
to be shorter. In previous studies using this method, priming effects were found either
(a) when the primes were the same as the targets, both in terms of segments and tones,
or (b) when the primes were productive phonological alternations of the targets (such
as how greenback primes green in English; e.g., Sereno & Lee, 2015; Gow, 2001;
Lahiri et al., 1990). Using this method, the experiment manipulated three types of
primes: (i) primes that corresponded to sandhi-initial syllable on only the segmental
level (control), (ii) primes that overlapped with the sandhi-initial syllable on both the
segmental level and the tonal level in its underlying representation (Tone 3 prime),
and overlapped its initial syllable on the segmental and the tonal level in its surface
form (Tone 2 prime). If sandhi items are represented in their underlying forms, a Tone
3 priming effect will occur, but if the sandhi items are represented in their surface forms,
a Tone 2 facilitatory effect is expected. If the sandhi items are represented in both Tone
2 and Tone 3, the representation of sandhi words may be explained by the multi-variant

account.

5.2.1 Participants

Children aged between three to eight years old were recruited for the
experiment, although only the age groups from four to eight were preserved for analysis.

The reason for excluding the participants in the three-year-old group was that, in this
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experiment, reaction time, which requires a relatively long attention span, served as a
crucial measurement. The three-year-olds, however, were found to be unable to focus
their attention on the experiment, as their very low response accuracy rates in the
practice trial. They were therefore excluded from further data analysis. In total, 90
children aged from four to eight were retained for the experiment out of 107 children,
according to the following criteria. All children were monolingual Mandarin speakers
who had seldom been exposed to other languages, like English or other dialects. All
children were instructed to accomplish the revised versions of Wechsler’s test for
intelligence tests (WISC-R; Zhang & Lin, 1979), which included two versions, one of
which was for preschoolers below six and a half years old and the other one for children
above six and a half years old. None of them were reported to have any hearing
impairments. Among the children, 18 were aged four (mean: 4;5), 33 were aged five
(mean: 5;3), 28 were six-year-olds (mean: 6;8), and 25 were seven or eight years old
(mean: 8;1). Since the results of the speech production task showed that children
reached an adult-like application of tone sandhi at seven and eight years old, this
experiment combined the two age groups into one for analysis. In addition to the
children, we recruited seventeen adult speakers as controls. Their ages ranged from 18
to 32 years old. Detailed information for the participants is listed below in Table 5.1.
Experimental procedures were approved by the Human Subjects Ethics Sub-committee

of The Hong Kong Polytechnic University. Informed written consent was obtained
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from all adult subjects and children’s caregivers in compliance with the experimental

protocols.

Table 5.1 The number of subjects preserved for analysis

age group | subject number | item number | target item number | correct target number
4y 15 2070 540 355
Sy 25 3405 886 708
6y 25 3308 863 719
78y 25 3447 900 819
Adult 18 2462 648 636
5.2.2. Stimuli

Fifteen Tone 3 + Tone 3 words (e.g., /tsuo35 teiau213/ Z Bl “left foot”) were
included as critical targets. They were selected from 22 sandhi words according to a
subjective familiarity rating score (ranging from 1, representing “never heard or said,”
to 9, representing “very often heard and said”) given by 12 Mandarin-speaking adults.

To minimize the priming effect from previously heard words, these 12 participants did
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not take part in the lexical decision task. The average subjective familiarity rating was
8.02 (SD = 0.63). To make sure that these words were also familiar to children,
especially the youngest ones, we showed the words to children one by one and asked
the children to describe the meaning by explaining, giving examples, or performing,
etc. If children were unacquainted with any of the items, the experimenter would

explain them to the children.

As delineated earlier in the thesis, in order to examine the effect of different
prime words on the recognition of Tone 3 sandhi words, each test item (e.g., /tsuo35
tciau213/ Zj “left foot) was preceded by one of three corresponding monosyllabic
primes: a Tone 3 prime (e.g., tsuo213 7 “left”), a Tone 2 prime (e.g., /tsuo35 t‘ien55/
BE “yesterday”), and a control prime (either Tone 1 or Tone 4, e.g., /tsuo51/ i “to
make”). Each target’s first syllable overlapped with its corresponding Tone 3 prime
both on the segmental and the tonal level in its underlying representation. Each target’s
first syllable overlapped its Tone 2 prime on the segmental and the tonal level in its
surface form. For the control target condition, the prime matched the target’s initial
syllable only in terms of segmental phonology. Meanwhile, the sandhi targets and the
primes also matched in terms of their familiarity rating scores. Detailed information is

shown in Table 5.2.

Table 5.2 Target words, their corresponding primes, and their familiarity rating scores
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No. Control familiar | Tone 2 familia | Tone 3 familia | target familia
prime ity prime rity prime rity words rity
1 5 7.18 2 6.73 # 7.91 ZIE 6.55
2 =3 7.91 FH 7.64 #r 7 5 7.09
3 71 8.18 ) 8.09 AL 6.91 L 7.18
4 2 8.45 7 7.64 o 7.82 B 7.82
5 & 6.36 # 8.27 F 8.64 F*x 7.91
6 fig 8.75 rE 8.18 i 8.09 EF 8.09
7 73 8.82 & 8.27 ES 8.55 xx 8.18
8 = 7.36 B 7.82 7 8.64 HE 8.27
9 ES 7.45 =] 8.55 (i) 8.36 [ 8.36
10 fig 9 i(3 8.73 & 8.73 LB 8.36
11 gt 8 18 7.64 P 7.45 ke 8.45
12 iy 7.55 % 8.73 i) 7.91 WiF 8.45
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13 53 8.91 # 8.27 7K 8.64 KR 8.55
14 g 8.09 i<\ 7.73 P 8.91 i 8.64
15 il 9 - 8.64 R 8.91 REE 8.73
mean 8.07 8.06 8.16 8.04
sd 0.78 0.54 0.65 0.63

In addition, fifteen Tone 2 + Tone 3 words (e.g., tsuo35 t* i@n55 REX

“yesterday”) were included as controls. They matched the sandhi target words in

familiarity according to the 12-person rating score and in the segmental phonology of

the target’s initial syllable. An equal number of pseudo-words were designed to match

the real words. The pseudo-words included 15 pairs of Tone 3 + Tone 3 sequences and

15 pairs of Tone 2 + Tone 3 tone sequences (e.g., tsuo213 ey213 ZifF vs. tsuo35

p‘uS1l REAN). Both the initial and final syllables of the pseudo-words are actually

occurring syllables in Mandarin Chinese phonology, but their combination yielded no

meaning. The same primes preceded them as preceded the real words.

5.2.3. Stimulus recording

A female native Mandarin speaker was instructed to read the designated words

four times. The recordings were accomplished in a sound-proof chamber at the Hong
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Kong Polytechnic University with a cardioid microphone (Electrovoice, model
N/D767a) using Praat (Boersma & Weenink, 2016). The sampling rate was 22050 Hz.
We selected the most clearly pronounced tokens for generating the stimuli. The
selected stimuli were further normalized in terms of intensity and duration using Praat.
To minimize the influence of other factors, such as pitch length, on the lexical decision,
all stimuli were normalized. The monosyllabic prime words were normalized to 400
ms, and the disyllables were normalized to 550 ms. The intensity was normalized to 75

dB for all stimuli.

5.2.4. Procedure

The auditory-auditory priming lexical decision task was presented with E-
prime. The participants were instructed to sit in front of the computer screen at a
distance of approximately 60 cm. To avoid fatigue and to keep the children rigorously
engaged, the experiment was divided into two blocks with a rest between the two parts.
Moreover, a child would be given gifts every time he/she actively engaged
himself/herself in the experiment for one block. The stimuli were presented randomly

to the participants through headphones.

+ prime ’ TARGET lexical decision

400 ms 400ms 250 ms 550 ms self paced
97



Figure 5.1 Event order for each trial

In each trial, participants heard a monosyllabic prime first, followed by a
disyllabic target after a 250 ms interval (see Figure 5.1). The target was either a word
or a pseudo-word. All targets were presented in their surface form. Children were
instructed to listen to each target and then decide whether or not it was a real word.
They were instructed to press “V ” if they gave the “yes” answer, or to press “x”
representing “no”, as quickly and accurately as possible. After hearing the instructions,
children participated in twelve practice trials to familiarize themselves with the task.
One hundred eighty test trials followed the practice phase. They were presented in a

randomized order within the two blocks. The inter-trial interval was set to 400 ms.

5.3. Data analysis

Before conducting analyses, the data were processed at different levels to
ensure that they were clean. First, at the individual subject level, good performance on
the practice items across the trial indicated that the children quickly understood the
lexical decision task procedures. In contrast, if a child’s accuracy was still low (below
60%) when conducting the practice block even for the second time, he/she would not
proceed to the experiment. A child’s data would also be removed for analysis if he/she
showed consecutive bias, i.e. he/she consistently made “ vV choices or “x” choices for
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more than 30 trials in at least one block. Secondly, at the item level, the accuracy of
the children for each disyllabic item was screened. If an item was identified with low
accuracy across children, it was removed from the analysis (Haebig & Weismer, 2015).
As a result, eight real words and eight pseudo-words were deleted from the analysis
(the lexical decision accuracy of deleted items was 2 standard errors below the mean
in both real and pseudo-words). Three of the deleted items were tone sandhi target
words. Thirdly, at the trial level, trials were excluded where reaction times were beyond
2 standard deviations from the mean. To be precise, mean reaction times across
different lexicality conditions were calculated for each participant, and any trials with
lexical decisions that were 2 standard deviations above or below that participant’s mean
were removed. This led to the removal of another 1.69% of the data for the four-year-
olds, 3.25% of the five-year-olds’ data, 3.34% of the six-year-olds’ data, 2.44% of the
seven & eight-year-olds’ data, and 2.33% of the adults’ data. The statistical analyses
of reaction times only included trials where participants correctly identified the target
as a real word. Data from 90 children and 18 adults were included in the statistical

analyses. Detailed information for the subjects and items is listed in Table 5.3.

Table 5.3. /tem and accuracy information within the age groups

age correct acc of . delete
item target acc Noutlier
group target target rate
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4y 2070 540 355 65% 66% 6 1.69%

5y 3405 886 708 69% 80% 23 3.25%

6y 3308 863 719 79% 83% 24 3.34%

78y 3447 900 819 89% 91% 20 2.44%

adult 2331 612 600 96% 98% 14 2.33%
5.4. Results

The analysis focused on the reaction times for lexical decision of the Tone 3
sandhi targets in the Mandarin-speaking children and adults on the presentation of three
types of primes. Participants’ reaction times were log-transformed prior to further
analysis. The reason why raw reaction time data being log-transformed is to eliminate
or reduce skewing in the data distribution. This elimination or reduction is necessary
because just a few extreme outliers might dominate the result, obscuring the main
trends characterizing the majority of data points without the logarithmic transformation
(Baayen, 2008). Boxplots, which displays the distribution of log-transformed reaction
times (hereafter, log-RT) within each age group at the first quartile (Q1), median (Q2),
and third quartile (Q3) respectively, and the individual points of the log-RT are
displayed in Figure 5.2. The reaction times to the Tone 3 sandhi targets are given
different colors according to the type of prime: the red column represents the control

primes, the green column represents the Tone 3 primes, and the indigo column indicates
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the Tone 2 primes. Mean values, standard deviations, and standard errors of the log-

RT within each priming condition and age group are summarized in Table 5.4.

age groups

ya ¥5 ¥6 ¥78 adult

3.6~

Condition
=]
B 11
BER 21

Log-RT

2.0-

Figure 5.2. The effect of prime conditions of Tone 3 (11), Tone 2 (21), Control (1) on the lexical decision
of Tone 3 sandhi targets. The distribution of log-transformed reaction times (hereafter, log-RT) within

each age group at the first quartile (Q1), median (Q2), and third quartile (Q3) respectively, and the

individual points of the log-RT.

Table 5.4 Means, standard deviations, and standard errors of the Log-RT in each lexicality condition

Age group Condition Mean Log-RT SD SE

v4 control 3.224470 0.3486084 0.03236748
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T3 prime 3.169419 0.3645723 0.03460367

T2prime  3.107782 03914852  0.03544341
control 3.067034 03506935  0.02380663
y5 T3prime  3.060377 03428396  0.02241213
T2prime  3.016819 03934178  0.02571852
control 3.069305 0.2470604  0.01677155
y6 T3prime 2987413 03031372 0.01940637
T2prime  3.013685 02561737  0.01674660
control 2.937989 0.2293090  0.01395530
y78 T3prime  2.845580 0.2637497  0.01611108
T2prime  2.866846 0.2669745  0.01652531
control 2.625621 02814493  0.02097799
adult T3prime  2.569989 03224568  0.02416916
T2prime  2.636404 0.2633254  0.02007838

The log-RTs were statistically analyzed by linear mixed-effects analysis using
the package Ime4 (Joshua et al., 2010) in R (R core team, 2014). The R package
ImerTest was used to provide p-values for models (Kuznetsova et al., 2016). The model
included participants’ 10g-RT to the tone sandhi items as the dependent variable, and
the prime conditions (Tone 2 prime, Tone 3 prime, Control), age groups (y4, y5, Y6,
y7&38, adult), and trial order (1st, 2nd, 3rd) as independent variables. The study also
included subjects and items as random factors. To explain the trial order variable here,

it represents the sequential order of the target that occurred in the experiment. Namely,
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each target item occurred three times, once with a control, once with a Tone 2 prime,
and once with a Tone 3 prime. When the target appeared the first time in the experiment,
its response would be labeled with trial order = 1%, and likewise for the second and
third appearances, which were labeled trial order = 2" and trial order = 3', respectively.
| adopted backward algorithms for model comparison. To be specific, | began the
analysis with a full random structure including all the independent variables, and the
random intercepts of subjects and target items, as well as the slopes of them for all the
three fixed factors. | then eliminated non-significant predictors using model
comparisons. When a model failed to reach convergence, | solved the problem by
removing the minimum correlation parameters (Barr et al., 2013). The results showed
that the best model included interactions between prime conditions, age groups, and

trial order, as well as subject and item as the random intercepts.

To compare whether participants in each age group performed differently, the
data were analyzed separately within each age group. For the prime condition, the log-
RT of the control primes was chosen as the baseline to compare that of the Tone 2 and
Tone 3 primes with. | then reset the reference level to that of the Tone 2 primes to
compare the Tone 3 primes with. For the trial order condition, the first appearance (trial
order = 1st) was chosen as the baseline first to compare the second and the third
appearances. | then reset the reference level to 2nd to compare with the other order if
necessary. The results are summarized below.
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For the four-year-old children, the final model that best fit the data only
included a fixed effect of condition. The effects of trial order and the interaction term
between condition and order were not found to improve the model significantly. The
results of the post hoc analysis revealed a significant facilitatory effect from the Tone
2 prime (estimate = -0.130, SE = 0.038, t = -3.338, p < .001), where the log-RT with
the Tone 2 prime was significantly shorter than the controls (log-RT with Tone 2 as

prime = 3.11 < log-RT with control as prime = 3.22).

For the five-year-old children, the facilitatory effect from the Tone 2 prime
(surface prime) approached significance prime (estimate = -0.046, SE = 0.026, t = -
1.59, p= .071), with the log-RT being shorter when it carried a Tone 2 prime than it
was for controls (log-RT with Tone 2 as prime =3.02 & log-RT with control as prime
=3.07). Similarly, there was also a general order effect with the trials presented the first
time being identified significantly slower than when presented a second and third time
(2" estimate = -0.066, SE = 0.025, t = -2.473, p< .05; 3': estimate = -0.055, SE =

0.026, t = -2.086, p< .05).

For the children aged six years old, the final model that best fits the data
included fixed effects of condition and trial order as well. As in the case of four-year-
olds, adding the interaction term between condition and trial order did not improve the
model significantly here either. Looking at the prime effect from the six-year-old

children, the results revealed significant facilitation effects by both Tone 2 primes
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(estimate = -0.054, SE = 0.020, t = -2.692, p < .05) and Tone 3 primes (estimate = -
0.076, SE = 0.020, t = -3.797, p < .001). Of the facilitatory effects from Tone 2 and
Tone 3 primes, the Tone 3 facilitation was more prominent (2.99 for Tone 3 primes vs.
3.07 for controls) than that of the Tone 2 primes (3.01 for Tone 2 primes vs. 3.07 for
controls). However, the log-RT was not significantly different between the Tone 2 and
the Tone 3 primes. The trial order effect was still similar to that found for the younger
children, in that the trials presented the first time were identified somewhat more
slowly than when presented the second and third times in six-year-old children (2":
estimate = -0.064, SE = 0.020, t = -2.231, p< .005; 3" estimate = -0.047, SE = 0.020,

t = -2.363, p< .05).

For the seven- and eight-year-old children, only the condition variable was
found to contribute to the model significantly. The post hoc analysis showed both a
significant facilitation effect from both Tone 2 primes (estimate = -0.075, S.E. = 0.018,
t =-4.125, p <.001) and Tone 3 primes (estimate = -0.095, S.E. = 0.018, t =-5.259, p
<.001). We then set the Tone 2 primes as the reference level to compare the log-RT of
the Tone 2 prime condition to that of the Tone 3 primes. The results were not
significantly different between the Tone 2 and the Tone 3 primes (2.85 for Tone 3

primes, 2.87 for Tone 2 primes, and 2.94 for controls).

For the performance of the adult Mandarin speakers, the final model that best

fits the data included fixed effects of condition and trial order. Adding the interaction
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between condition and trial order was not found to improve the model significantly
here either. Post hoc analysis found a significant facilitatory effect from Tone 3 primes,
with the log-RT for Tone 3 primes being significantly shorter than for control primes
(estimate = -0.063, S.E. = 0.261, t = -2.441, p < .05; log-RT of Tone 3 primes = 2.57,
log-RT of controls = 2.63). This indicates a significant underlying priming effect on
the representation of tone sandhi items. I then set the Tone 2 prime as the reference
level to compare the log-RT of the Tone 2 prime condition to that of the Tone 3 primes.
The results also showed a significant difference between the Tone 2 and the Tone 3
primes, namely that the log-RT of Tone 3 primes was significantly shorter than that of
Tone 2 primes (estimate = -0.068, S.E. = 0.026, t = -2.578, p <.05; log-RT of Tone 3
primes = 2.57, log-RT of Tone 2 primes = 2.64). There was not any significant
difference between the Tone 2 prime condition and the controls. The trial order effect
in the adult group was similar to that found in younger children, namely that the trials
presented the first time were identified significantly more slowly than when they were
presented the second time (estimate =-0.073, S.E. = 0.026, t =-2.794, p < .01) and 3rd
time (estimate =-0.105, S.E. = 0.026, t =-4.031, p <.001). The results are summarized

in Table 5.5.

Table 5.5 Results of model comparisons of reaction time (likelihood ratio tests)
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age group condition order condition * order

Yes; significant Tone 2 prime facilitation

4y no no

Tone 2 prime approached significance (p| Yes; longer log-RT the first

Sy =.0629) time than 2" and 3™ time no

Yes; both significant Tone 2 prime

facilitation and Tone 3 primel|Yes; longer log-RT the first

6y facilitation time than 2" and 3™ time no

Yes; both significant Tone 2 prime

78y facilitation and Tone 3 prime facilitation no no

Yes; significant facilitatory effect from| Yes; longer log-RT the first

adult Tone 3 primes time than 2" and 3™ time no

5.5. Discussion

This study focused on the mental representation of Mandarin Tone 3 sandhi in
children who speak Mandarin Chinese as their mother tongue, with data from adults as

controls. To explore the features of this representation, the study conducted an auditory
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priming lexical decision task, in which the prime words matched the initial sandhi tone
in either the underlying form (Tone 3), or the surface form (Tone 2), or did not match
in terms of tones at all (control). If the children took advantage of the Tone 2 primes,
the sandhi words may be represented in their surface form. If they make use of the Tone
3 prime, the sandhi words may be represented in their underlying form. While if they
make use of both Tone 2 and Tone 3, both the underlying Tone 3 and the surface Tone
2 are expected to be represented in the mental lexicon. The results of the log-RT from
the lexical decision task indicate that the Mandarin-speaking adults exhibited a
significant underlying priming effect when deciding Tone 3 sandhi real words.
Children primarily took advantage of the surface primes until five years old, after
which they started to make use of both surface and underlying primes from six to eight
years old. The results suggested that children’s representation of Tone 3 sandhi words
undergoes a transformation from surface priming between four and five to multi-
variant representation at later ages, and that they have not yet reached an adult-like

underlying representation even between seven and eight years old.

The results from the adult data are consistent with the previous findings (Chien
et al., 2016; Zhang, 2018) that Mandarin-speaking adults tend to list Tone 3 sandhi
words, which are productive, in their underlying form, even though the words they
encounter daily are in the post-sandhi form. That is to say, Mandarin native speakers
represent Tone 3 sandhi words as underlying /tone 3 + tone 3/ in their mental lexicon.
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It is also basically in line with the hypothesis that the four- and five-year-old children,
who were found to exhibit relatively low productivity in sandhi application in speech
production, primarily store and retrieve the sandhi words in their surface form. The
finding further confirms children’s way of learning sandhi words in the early ages that
they primarily take advantage of the lexical mechanism to memorize the surface-form

sandhi words.

However, for the children from six to eight, this study showed that they relied
on both surface and underlying priming when deciding the Mandarin Tone 3 sandhi
words. This suggested that the representation of Tone 3 sandhi words may involve
different types in these age groups that both the underlying tone and the context-
specific surface tone are activated. The finding does not perfectly match the
development of productivity in children’s production of sandhi words. In the speech
production task, children have already undergone a transformation from the lexical
mechanism to the computation mechanism from six to eight, and they have achieved
the adults-like computation mechanism at seven. However, the six to eight-year-old
children still primarily make use of the lexical exemplar retrieving in this study. The
explanation can be made as follows: speech perception requires not only top-down
processing that relies primarily on language experience but also bottom-up processing
which depends mainly on the instant auditory input. Compared to adults, children may
not have sufficient language experience to buildup the underlying Tone 3 category, and
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merely take advantage of underlying representation. Therefore, they take advantage of

both Tone 2 and Tone 3 primes.

To further uncover the reasons for the discrepancies between the results of the
two experiments, it may be more helpful to look at the task first. The lexical decision
task used real words to test the representation of tone sandhi in the mental lexicon.
Individuals’ degree of literacy may influence their ability to manipulate the disyllabic
words into smaller morphological units. In this experiment, the six to eight-year-old
children had only learned some of the written forms of words beforehand. Therefore,
due to the literacy effect, children may not reach the adult-like representation even by
seven and eight years old. To confirm this hypothesis, however, further study will need
to control for the literacy effect. For example, I will recruit both literate and illiterate
adults and children, and examine the representation features of Mandarin Tone sandhi
in their mental lexicon. If only the literate adults showed a significant underlying
priming effect when deciding Tone 3 sandhi real words, while both the illiterate
children in older age groups (e.g., seven and eight years) and illiterate adults exhibit
both surface and underlying effect, | may predict that the representation features in
those children and illiterate adults were due to the literacy effect. Secondly, it is also
possible that the magnitude of lexical frequency may affect the operation of Mandarin
Tone 3 sandhi. Although Mandarin Tone 3 sandhi has been shown to operate via the
computation mechanism, this does not necessarily imply that all Tone 3 sandhi words
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are manipulated by the same computation mechanism. For unfamiliar words,
participants may rely on computation mechanisms to apply the tone sandhi pattern
productively. For highly familiar words, however, they may directly take advantage of
the lexical mechanism, because the sandhi form may be retrieved from the mental
lexicon. Therefore, both the surface and underlying priming effect, which links to the
integrative effort of lexical and computation mechanism, were found. However, this
pattern was not found in adults (Chien et al., 2016, 2017). It may suggest that the adults
have already established the way of computation processing of Mandarin Tone 3 sandhi
words, therefore the magnitude of lexical frequency took little effect (Chien et al.,
2016, 2017). Unlike the adults, children’s acquisition of computation operations was
not well established, the lexical frequency may thus affect their operation of Mandarin

Tone 3 sandhi.
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Chapter 6 Tone awareness of sandhi initial
syllables in Mandarin-speaking Adults and
Children

6.1. Introduction

As was mentioned in the first chapter, phonological awareness refers to the
ability to detect and manipulate speech sounds in a language (Anthony & Francis, 2005;
Shuetal., 2008; Chen etal., 2016). It is a general term that includes abilities at different
levels, such as tone awareness, syllable, onset, rime, and phoneme awareness (Anthony
& Francis, 2005; Haien et al., 1995; Shu et al., 2008; Treiman, 1987). Previous research
has uncovered a general sequence of phonological awareness development: children
become increasingly sensitive to smaller and smaller units of words as they grow older
(Anthony & Francis, 2005; Anthony et al., 2002; Anthony et al., 2003). To be specific,
they can detect and manipulate syllables before they can detect or manipulate onsets,
rimes, and individual phonemes. When exploring phonological awareness in different
languages, scholars tend to analyze the explicit processing and acting ability separately
from the implicit discrimination of speech sounds (see Castles & Coltheart, 2004; for
a review). Various studies have assumed that implicit phonological awareness

primarily increases with age and that explicit awareness relates heavily to prior
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instructions in how to use pinyin or prior educational experience (Castles & Coltheart,
2004; Shu et al., 2008; Morrison, Smith & Dow-Ehrensberger, 1995; Treiman &
Zukowski, 1991). However, the implicit awareness of some linguistic units with more
subtle differences such as onsets and tones has also been found to relate to Pinyin

instructions (Shu, Peng, & McBride-Chang, 2008; Yin et al., 2011; Chen et al., 2016).

Tone awareness, as one of the crucial components of phonological awareness
in tonal languages such as Chinese, is acquired quite late. For example, Shu et al. (2008)
examined the implicit tone awareness in Mandarin-speaking children aged three to six,
the results showed that the accuracy was only around 60% in five-year-old children
(Kindergarten 3), and it was still below 75% in children aged six. Besides, tone
awareness was influenced not only by age but also by whether participants have priorly
received any explicit Pinyin instructions regardless of whether the “awareness” is

implicit or explicit (Shu et al., 2008; Yin et al., 2011; Siok & Fletcher, 2001).

However, no study has yet focused on the awareness of sandhi tones in the
Mandarin Tone 3 sandhi context (i.e., tone of the initial syllable in Mandarin Tone 3
sandhi words), where the learning process is more complicated. Considering the nature
of sandhi tones that the tone’s surface form for an underlying morpheme of the initial
syllable varies as a function of the phonological environment, children’s tone
awareness in the Tone 3 sandhi words may be delayed compared to the awareness of

tones in monosyllables/single words. Children’s tone awareness of the initial sandhi
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tone is possibly related to the way speakers internalize tone sandhi words. If the word
is internalized via the lexical mechanism, the initial sandhi tone in the sandhi word is
more likely to be recognized as a sandhi Tone 3 (Tone 2-like), while if the tone sandhi
item is operated by the computation mechanism, the initial sandhi tone in the Tone 3

sandhi word is more likely to be recognized as underlying Tone 3.

The experiments from chapters 3 to 5 explored the operational mechanisms and
the mental representational features of Mandarin Tone 3 sandhi from a developmental
perspective. The results demonstrated that children primarily took advantage of the
lexical mechanism from three to five years old, and reached the adult level of
computation mechanism at seven years old. However, due to the possible influences of
individuals’ literacy effect and the frequency difference of the Tone 3 sandhi words,
the representation features of tone sandhi words exhibited some delayed progress in
reaching the adult-like underlying representation. Based on these findings, |
hypothesize that the initial sandhi tone in the sandhi words is more likely to be
recognized as the sandhi Tone 3 (i.e., Tone 2 like) in children from three to five years
old, whereas it would be recognized as the underlying Tone 3 in seven and eight-year-
old children, as well as adults. For example, when asking a Mandarin speaker to
identify the initial syllable of /mei213ny213/ 3% “beauty” (/mei213ny213/ in the
underlying form; /mei35ny213/ in the surface form), which is composed of the
morphemes /mei213/ and /ny213/, the three to five-year-olds are expected to identify
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the initial syllable as /mei35/, while the seven, eight-year-old children and adults are
expected to identify that as /mei213/. Besides, some delayed (or accelerated) progress

may also occur due to the literacy effect, or some other factors.

Previous work has generally focused on child language development as a
process moving from smaller speech units to larger ones (e.g., Bloom, 1994; Goodluck,
1991; Dick et al., 2015; Clark, 2016). These authors have primarily described child
language acquisition as a gradual development from single-word utterances, first to
multi-word combinations, and eventually to the production of complex sentences. It
can not be ignored, however, that there is another learning process, one that moves
from larger unanalyzed units to an awareness of smaller units (Peters, 1977; Arnon,
2011). The logic is as follows: children usually learn language from adult input. Adult
speech flow is not neatly separated into words, phonemes, and morphemes, but is rather
presented to children as a connected speech flow. This chapter offers a new perspective
concerning how the Mandarin Tone 3 sandhi words are decomposed (be aware of)

during language development.

To examine how adult and child Mandarin speakers analyze or recognize the
sandhi tones in Mandarin Tone 3 sandhi words, this chapter conducted two experiments
that require both explicit and implicit awareness of the sandhi tones. To examine
explicit tone awareness of the sandhi initial syllable, a syllable deletion task was

adopted. To measure implicit tone recognition of the sandhi initial syllable, a three-
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alternative forced-choice task was designed. It is a modified version of the two-
alternative forced-choice paradigm (2AFC) which uses three choices for each trial to
match the test of Tone 3 sandhi items instead of two. Detailed information will be

presented in the research methods section below.

6.2. Methods

6.2.1. Participants

Eighty-six children aged from four to eight who spoke Northern Mandarin
dialects were recruited for the study. As with the criteria for subject recruitment in the
speech production and mental representation experiments in chapters 3 - 5, all children
were monolingual Mandarin speakers who had rarely been exposed to other dialects or
languages (including English). All children were instructed to accomplish the revised
versions of Wechsler’s test for intelligence tests (WISC-R; Zhang & Lin, 1979), which
included two versions, one of which was for preschoolers below six and a half years
old and the other one for children above six and a half years old. Children’s IQ scores
were comparable among different age groups. None of them was reported to have any
hearing impairment. Eight subjects were excluded from the experiment because they
were not able to understand the instructions for the experiment. Seventy-nine subjects,
therefore, were retained for data analysis. Among the children, 12 were aged four, 25
were aged five, 19 were six years old, 12 were seven, and 12 were eight years old. The
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seven- and eight-year-old children were all recruited from primary school and had thus
received explicit Pinyin instructions. The children aged from four to six were all
recruited from kindergartens. The four-year-old children have never received any
explicit Pinyin instructions. While five and six-year-old children had a few exposures
to Pinyin instructions beforehand. Twelve adults were also recruited as controls. The
information of participants in each age group is summarized in Table 6.1. The
experimental procedures were approved by the Human Subjects Ethics Sub-committee
of The Hong Kong Polytechnic University. Informed written consent was obtained

from all adult subjects and children’s caregivers in compliance with the experiment

protocols.
Table 6.1 Information of participants in each age group
age subject mean age (age gender Whether received Pinyin
group number range) ratio instructions
4y 12 4;6 (4;1-4;11) 5F/7M no
Sy 25 5,5 (5;1-5;11) 11F/14M 5(systematically); 11 (partially); 9
(no)
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6y 19 6,5 (6;1-6;11) 10F/9M 10 (systematically); 8 (partially);
1(no)

7y 12 7:6 (7;2-7;10) 6F/6M 12 (systematically)

8y 12 8,7 (8;2-8;11) 6F/6M 12 (systematically)

Adult 12 2462 7F/5M 12 (systematically)

6.2.2. Stimuli

The stimuli included 19 target disyllabic words, seven Tone 3 sandhi words
(e.g., /i213 p"in213/ %L 5 “gift”) and 12 non-Tone 3 sandhi words (e.g., /sou213
tci55/ F4] “phone”). Each target syllable (e.g., /li213 p"in213/ %[ & “gift”) was
paired with three disyllabic word choices whose initial syllable matched with the initial
syllable in the target word, in terms of segmental phonology (consonant and vowel).
The choices of tone sandhi targets were: (i) a Tone 3-initial word, whose initial
syllable’s tone matched that of the initial syllable of the target word in its underlying
form (e.g., /li213mien51/ B T “inside™”) (ii) a Tone 2-initial word, whose initial
syllable’s tone matched that of the initial syllable of the target word in its surface form
(e.g., /1i35t)0/ FLF “pear”), and (iii) a word beginning with a syllable whose tone

was neither Tone 2 nor Tone 3, which therefore did not match the target word’s initial
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tone in either its surface or underlying form (e.g., /li51te‘i0/ J3= “strength”). Given
that semantic relatedness and morphological type affect the accuracy of morphological
awareness (Hao et al., 2013), the target words were all composed of free morphemes
and the choice items were not semantically related to the initial syllable of the
corresponding target. The targets were selected from 30 words according to a
subjective familiarity rating score (ranging from 1, representing “never heard or said,”
to 9 “very often heard and said”), as judged by eight Mandarin-speaking adults. Table
6.2 illustrates the target items and their corresponding choices. The tone sandhi targets

and their corresponding choices served as the critical elements for the data analysis.

Table 6.2 The tone sandhi target items and their corresponding choices

Target words Words for choices

flam 7 EF H=

e300 BE #X #F

testitems | Tone 3 sandhi words F& AR Tls BT
REDRLE iR &F i

3 TH FIR TR

75 Bt Wk 17

£: EF ILF #E

Non_Tone 3 sandhi F R TiE AT
combinations B~ IR &F 57
EES SEF HF &5
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223 FE FIR 55R
control items i B WIsE H#F
L3R 7 BH H5
xE EE #X #%F
BE 7 BX BF
FEE FE FE HF
8 Bk B
it Bl HF FF
[ Fhey ik #HE

6.2.3. Experiment procedure

Children and adults were tested on two different tone awareness tasks
individually in a quiet room at their own schools with the experimenter. The two
experiments were used to examine the explicit and implicit awareness of the tones of
the initial syllable in the Tone 3 sandhi words, respectively. Firstly, in the explicit tone
awareness experiment, the syllable deletion task was adopted. Only the 19 target
stimuli were used in this task. Powerpoint was used to present the stimuli. Children
were first presented via earphones with a target stimulus, which was paired with its
picture (e.g., XL A4 /1i213 phin213/ “gift”). They were then asked to answer the

question “What is left if [ make [the last word] disappear?” after hearing the stimulus

(In Chinese: 3L &: MBERIL S ERM, FHTHA?).
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Secondly, in the three-alternative forced-choice task that was used to test the
implicit tone recognition of the sandhi initial syllable, both target words and their
corresponding choice items were employed. The specific procedure of the task was as
follows: before the experiment, participants were told that two words that share the
same syllable are ‘good friends’. Participants were then trained on the task using a
sequence of four practice trials, followed by the experiment proper. During each
practice trial, the children were first presented via earphones with a target syllable
paired with its picture. Immediately after that, they were given three choice items,
which were also paired with their pictures. The participants were asked to find the
‘good friend’ of the initial syllable in each target word. The participants were given
feedback of ‘correct’ or ‘incorrect’ after they responded. If a child’s response was not
correct, the experimenter repeated this trial again with explanations. During the
experiment proper, children were asked to listen to each word and then identify which
of the three choices was the ‘good friend’ of the target word, ignoring their meanings.
The children responded by pointing to the picture they selected, and the experimenters
recorded the children’s responses. All pictures were semantically unrelated and
familiar to the children. Figure 6.1. shows two examples from the experiment, where
the characters were not shown on the screen (the left one: target item is a Tone 3 sandhi
word; the right one: target item is a non_Tone 3 sandhi word). In each slide, within

each trial, the picture of the target word was always presented first.
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Figure 6.1. Examples of the experiment design

To make sure that the children, especially the youngest ones, understood the
task, they were only allowed to proceed when they had correctly answered the
questions in the practice task. Crucially, the experiment did not include the tone sandhi
items in the practice task, to prevent participants from detecting the purpose of the

experiment.

6.3. Results

Participants’ responses were transcribed as soon as they were given. For the
explicit tone recognition task, if the children produced the syllable correctly as Tone 3,
it was labeled as 3; if they produced the syllable as Tone 2, it was labeled as 2. When
they were unable to answer, it was labeled as 0. The results were as follows: three trials

in the overall trials of the four-year-old children and one trial in those of five-year-old
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children were labeled as 0. For the remaining tone sandhi trials, the participants
produced the initial syllable as either Tone 3 or Tone 2. Detailed information was
provided in Table 6.3. For the implicit tone matching task, which tested awareness of
sandhi tone in word-initial position, the children exhibited great variability in linking
the sandhi tones: some trials were linked to Tone 3 by them, others to Tone 2. There
was also a large percentage of trials that were linked to both Tone 2 and Tone 3.
Detailed information was provided in section 6.4.2. The coding method for implicit
matching was the same as for explicit identification, with one addition: responses were
labeled as 3 when matching Tone 3, as 2 when matching Tone 2, and as 0 when
matching any other tone, as before. Additionally, responses were labeled as 1 when

matching both Tone 2 and Tone 3.

6.3.1. The explicit awareness experiment

In the explicit tone recognition task, 97.62% (S.E.=1.67%) of the trials were
produced as Tone 3 by the adult speakers. This indicates that the tone of the initial
syllable of the tone sandhi word was generally produced as an underlying Tone 3 in
adult speakers, even though the sandhi words they encountered were in their surface
form. Figure 6.2 describes the ratio of trials produced as Tone 3 (i.e., the rate of Tone
3 recognition) for the Tone 3 sandhi initial syllable in each age group. The boxplot
displays the distribution of Tone 3 recognition ratio within each age group at the first

quartile (Q1), median (Q2), and third quartile (Q3) respectively, and the individual
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points of Tone 3 recognition. As can be seen in Figure 6.2 and Table 6.3, the children

aged four showed the least underlying Tone 3 recognition (mean= 73.8%; S.E. =

44.23%), and they showed a gradual increase in their rate of recognition of Tone 3 as

the age group increased.

Ratio of Tone 3 recognition
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Figure 6.2. the boxplot displays the distribution of Tone 3 recognition ratio within each age group at

the first quartile (Q1), median (Q2), and third quartile (Q3) respectively, and the individual ratio of Tone

3 recognition.

Table 6.3 Means, standard deviations, and standard errors of the ratio of Tone 3 recognition in each

age group
age group number of test item | mean S.D. S.E.
v4 84 73.81% 44.23% 4.83%

124



y5 175 86.86% 33.88% 2.56%
y6 133 83.46% 37.30% 3.23%
y7 84 92.86% 25.91% 2.83%
y8 84 94.05% 23.80% 2.60%
adult 84 97.62% 15.34% 1.67%

To find out when children reached adult-like Tone 3 sandhi word recognition,
the children’s responses were analyzed by generalized linear mixed-effects model
(Baayen, 2008), using the package Ime4 (Joshua et al., 2010) in R (R core team, 2014).
The binomial distribution and the logistic link function with family = “binomial” were
selected for the analysis. The R package ImerTest was used to provide p-values for
models (Kuznetsova, et al., 2016). The model included children’s responses (1
indicates Tone 3; 0 indicates Tone 2) as the dependent variable, the age group (4y, 5y,
6y, 7y, 8y, and adult), and Pinyin instructions (systematically, partially, no) as an
independent variable, and subject and item as random factors. Random slopes were
also added for each of the fixed effects. Model comparisons started with a full random
structure that included all the fixed factors and random intercepts and slopes. Models

were compared using log-likelihood ratio tests to determine if given terms significantly
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improved the model. The results of the comparison showed that the best model was the

one that included age group and random intercepts of subject and item.

For the age group, the adult group is treated as the baseline first to which the
other age groups are compared. Comparing children’s performance to that of the adults
(see Table 6.4), statistical analysis showed that, from ages four to six, children’s rates
of recognition of the Tone 3 initial as Tone 3 were significantly lower than that of the
adults. And children aged seven and eight did not differ significantly from adults. The
recognition rate of children was also compared across groups. The results showed that
the four-year-olds exhibited a significantly lower rate of Tone 3 recognition than did
the eight-year-old children (Estimate = -2.195, S.E. = 0.748 , z = -2.937, p<.05). The
rates of underlying Tone 3 recognition shown by children aged four approached
significant differences compared to those shown by seven (Estimate = -1.917 , S.E. =
0.711, z = -2.698, p=.075). No significant difference was found between other age

groups of children.

Table 6.4 Fixed effect estimates of children’s explicit Tone 3 recognition across different age groups

compared to the adults

Fixed effect Estimate S. E. z value Pr(>|z|)
y4-adult -3.2801 0.9503 -3.452 p<.001 ***
y5-adult -2.2051 0.9042 -2.439 p<.05 *
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y6-adult -2.5008 0.9157 -2.731 p<.01 **
y7-adult -1.363 1.0032 -1.359 p=.174

y8-adult -1.0849 1.0208 -1.063 p=.287

6.3.2. The implicit awareness experiment

Table 6.5 summarizes the results of the implicit tone matching task in each age
group. The table shows the rates at which participants matched the target words to
different tones. Looking at the adult data, 97.4% (S.E.=1.8%) of the targets were
matched to Tone 3 words, which suggests that the tone of the initial syllable of the tone
sandhi word was generally recognized as an underlying Tone 3 by adult speakers. The
children in the younger age groups, by contrast, especially those aged from four to six,
tended to match the sandhi initial tone either to Tone 2, or both to Tone 2 and Tone 3.
The children aged seven and eight had more or less approached the adult level of Tone
3 matching, although they still exhibited a certain degree of Tone 2 matching. None of

the seven- and eight-year-olds matched the sandhi tone to both Tone 2 and Tone 3.

Table 6.5 Tone matching rate of the sandhi tone in word-initial position by age

4y Sy 6y 7y 8y ad
mean sd mean sd mean sd mean sd mean sd mean sd
Tone 3 (%) 28.57 24.28 58.39 25.81 66.67  24.98 86.90 18.73 91.67 14.23 97.40 8.61
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Tone 2 (%) 18.57 17.88 20.50 21.46 19.84 17.76 10.71 15.08 833 1423 260 861

Tone 2 and

Tone 3 (%) 28.57 26.94 14.29 18.27 7.14  20.35 0.00 0.00 0.00 0.00 0.00 0.00

others (%) 24.29 30.90 6.83 12.08 6.35 10.07 2.38 5.56 0.00 0.00 0.00 0.00

To find out at what age children reach adult-like Tone 3 sandhi word matching,
the children’s responses were analyzed alongside those of the adults by generalized
linear mixed-effects model (Baayen, 2008), using the package Ime4 (Joshua et al., 2010)
in R (R core team, 2014). The binomial distribution and the logistic link function with
family = “binomial” were selected for the analysis. The R package ImerTest was used
to provide p-values for models (Kuznetsova, et al., 2016). The model included
children’s responses (1 indicates Tone 3; 0 indicates other tone matching responses) as
the dependent variable, the age groups (4y, 5y, 6y, 7y, 8y, and adult), and Pinyin
instructions (systematically, partially, no) as an independent variable, and subject and
item as random factors. Random slopes were also added for each of the fixed effects.
Model comparisons started with a full random structure that included all the fixed
factors and random intercepts and slopes. Models were compared using log-likelihood
ratio tests to determine if given terms significantly improved the model. The results of
the comparison showed that the best model was the one that included age group and

Pinyin, as well as the random intercept of the test item.
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Figure 6.3 the boxplot displays the distribution of data within each age group at the first quartile (Q1),

group

median (Q2), and third quartile (Q3) respectively, and the individual ratio of underlying Tone 3 matching.
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Figure 6.4 the boxplot displays the distribution of data within each category of Pinyin instructions at

the first quartile (Q1), median (Q2), and third quartile (Q3) respectively, and the individual ratio of

underlying Tone 3 matching. (N: no Pinyin instructions; P: received partial Pinyin instructions; T:

systematically trained in Pinyin instructions)
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Firstly, statistical analysis showed that there was a significant main effect of
Pinyin experience (Estimate = -1.4216, S.E. = 0.431, z = -3.301, p<.001), which
suggests the influence of explicit Pinyin instructions in implicit tone matching (see
Figure 6.4). Secondly, statistical analysis demonstrated that children from four to seven
years old exhibited significantly lower underlying Tone 3 matching rates than did
adults. And children aged eight did not differ significantly from adults. The underlying
Tone 3 matching rates of children were also compared across groups. The results
showed that the underlying Tone 3 matching rate of children of four years old was
significantly smaller than all the other children’s age groups. While no significant
difference was found between five and eight in terms of the underlying Tone 3

matching rates. The results of the statistical analysis are provided below in Table 6.6.

Table 6.6 Fixed effect estimates of child accuracy across different age groups compared to adult

accuracy.
Fixed Estimate S.E. z value Pr(>|z|)
y4-adult  -4.8002 0.7758 -6.187 p <.001 ***
y5-adult  -2.1598 0.8433 -2.561 p <.05*
y6-adult  -2.0097 0.8264 -2.432 p<.05*
y7-adult  -1.7811 0.7923 -2.248 p <.05*
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y8-adult  -1.2538 0.8238 -1.522 p =0.128

y4-y5 -2.6404 0.5212 -5.066 p <.001 ***
y4-y6 -2.7904 0.4942 -5.646 p <.001 ***
ya-y7 -3.019 0.4359 -6.926 p <.001 ***
y4-y8 -3.5463 0.4928 -7.197 p<.001 ***
y5-y6 -0.15 0.2675 -0.561 p =0.574
y5-y7 -0.3786 0.5498 -0.689 p =0.491
y5-y8 -0.9059 0.5948 -1.523 p =0.127
y6-y7 -0.2286 0.5236 -0.437 p =0.662
y6-y8 -0.7559 0.5706 -1.325 p=0.185
y7-y8 -0.5272 0.5201 -1.014 p =0.310

6.4. Discussion

The chapter examined the tone awareness of the sandhi initial syllable in
disyllabic Mandarin Tone 3 sandhi words in Mandarin-speaking children and adults.
During the explicit tone recognition task, adult Mandarin speakers were able to
recognize the tone of the initial syllable in tone sandhi words as underlyingly Tone 3,
which could indicate the involvement of the computation mechanism in internalizing
Tone 3 sandhi words. Children reached this adult level of underlying tone recognition
at seven years old in the explicit tone awareness task. This result more or less
complements the findings regarding the productivity of tone sandhi in Chapter 3, where

children employed the computation mechanism at seven years old, not only when
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combing pseudo- and novel words with the sandhi pattern, but also when decomposing
surface-form sandhi words into syllables. Contrastively, the four- to six-year-olds
showed significantly less underlying Tone 3 recognition in the explicit tone recognition
task compared with adults, this may relate to the involvement of the lexical mechanism
at these age groups. However, the results from chapters 3 to 5 revealed that only the
three- to five-year-olds primarily took advantage of the lexical mechanism. The
children aged six had already been found to use the computation mechanism to a large
extent in the speech production task. The significantly lower underlying Tone 3 ratio
in children at six than adults in the task can be explained by comparing the differences
between six-year-old children and adults. The difference can be found as follows: the
six-year-old only received a few prior explicit Pinyin instructions and they only know
a limited number of written forms of words. Due to the effect of prior explicit Pinyin
instructions and literacy, the six-year-old children showed a relatively delayed

underlying Tone 3 awareness.

Furthermore, adult speakers were found to be able to match the tone of the
initial syllable in tone sandhi words as an underlying Tone 3 in the implicit tone
matching task, which may suggest the involvement of the computation mechanism in
memorizing the Tone 3 sandhi words. Statistical analysis demonstrated that children
reached this adult level in the implicit tone matching task at eight years old, later than
what was found in the explicit tone awareness task. When observing the underlying
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Tone 3 matching rates of children across groups, it is obvious that the underlying Tone
3 matching rates were very low in children aged four and six. The underdeveloped tone
sensitivity was more obvious in the four year-year-old children, in that almost 30% of
trials were linked to both Tone 2 and Tone 3, and 1/4 of the trials were even matched
to other tones (neither Tone 2 nor Tone 3) in those four-year-olds. The delayed adult-
like underlying Tone 3 matching and the low underlying Tone 3 matching rates in the
younger age groups may result from two aspects. Firstly, they might because of the
underdeveloped acquisition of tone awareness in children of the younger age groups.
Previous empirical experiments (Shu et al., 2008) examining children’s (aged three to
six) implicit tone awareness in monosyllabic words revealed that the accuracy was not
very high (below 75%) even in children aged six. The underdeveloped tone sensitivity
may make it more difficult for children in these age groups to be aware of the tones in
sandhi contexts. It is also possible that the implicit tone matching task requires a greater
memory load than the explicit awareness task, given that individuals were asked to
select one out of three items that shared the same initial syllable. Moreover, the visual
complexities of the pictures in the experiments were not well controlled. This may also

affect the task performances.

When considering the influence of explicit Pinyin instructions on the
performance of different age groups in the explicit and implicit tone awareness tasks,
one thing stands out that explicit Pinyin instructions contributed significantly to the
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development of implicit tone awareness of the sandhi initial syllables, rather than the
explicit tone recognition. Besides, there might be a developmental trajectory of tone
awareness in the sandhi context, which is in line with children’s degree of explicit
Pinyin instructions. | found that the four-year-old children who have never received
any explicit Pinyin instructions performed very poorly in the two tasks. The least
underlying Tone 3 recognition and matching ratio at four compared with other age
groups may not only because of the age but also the lack of prior explicit Pinyin
instructions. However, since the degree of Pinyin instruction is not well controlled in
this chapter, further studies are required to further confirm the association with tone

awareness in the sandhi context and Pinyin education.

This study is not without its limitations. First, the reliability of the implicit tone
awareness tasks was relatively low. Due to the young age of the participants, they were
given four pictures when presented with targets and choices. This poses a great
challenge for memory load. Second, this study did not control children’s levels of
literacy and degrees of Pinyin instructions, which may have influenced the results.
Despite these limitations, however, this study has extended the literature on tone
awareness in the context of Mandarin Tone 3 and has confirmed the development of
the computation mechanism during the process of decomposition of Mandarin Tone 3

sandhi words.
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Chapter 7 General discussion

There has been widespread and long-lasting interest in the acquisition and
processing of morphological and phonological alternations (Bybee, 1995; Bybee &
Slobin, 1982; Gleason, 1958; Pinker, 1994, 1999; Pinker & Department, 1998; Ullman
& Pinker, 2002; Ullman, 1999; Van Der Lely & Christian, 2000; Kirjavainen,
Nikolaev, & Kidd, 2012). This interest has primarily centered on the productivity of
the patterns of alternation arising from the regularity of input and how these patterns
are applied, internalized, or decomposed by children of different ages (e.g., Gleason,
1958; Pinker, 1994; Steven Pinker, 1998, 1999; Ullman & Pinker, 2002; Ullman, 1999;
Van Der Lely & Christian, 2000). According to the dual-route model, regular and
irregular morphological alternations (e.g., “jump-jumped” & “go-went” in the past
tense of English) are processed in different ways: irregular morphologically complex
items are processed item by item via a rote-memory based lexical mechanism, whereas
regular items are processed productively via a computational mechanism by which
phonological patterns are applied to items in their underlying representation (Steven
Pinker et al., 1998; Ullman & Pinker, 2002; Ullman & Pierpont, 2005; VVan Der Lely
& Christian, 2000). The more productive (e.g., Mandarin Tone 3 sandhi) and less
productive sandhis (e.g., the sandhi pairs in Taiwanese) found in Chinese dialects are

also manipulated via these two mechanisms, even though all such forms are regular.
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For the productive tone sandhis such as Mandarin Tone 3 sandhi, children have also
been found to process the sandhi items differently as they get older, thus revealing
different levels of productivity over time. By looking at the different forms of tone
sandhi from a developmental perspective, this project generated interesting new
findings that increase our understanding of the mechanisms by which linguistic

productivity operates.

A first step to reveal the complex picture of the developmental features of
productivity of different tone sandhi patterns in Chinese dialects, this project has
focused on the Mandarin Tone 3 sandhi pattern, which has been demonstrated to be
productively processed via the computational mechanism in adult Mandarin speakers
(Zhang & Peng, 2013; Zhang et al., 2015). Importantly, however, little is known about
when the pattern becomes productive and how it is processed by Mandarin-speaking
children of different ages. Besides, the initial Tone 3 morpheme of the sandhi words
have two allomorphs: the underlying Tone 3 form and the Tone 2-like form, which
surfaces in the sandhi context. It has been observed that adult Mandarin speakers tend
to represent sandhi words in their underlying forms (Chien et al., 2016; Zhang, 2016,
2018). However, no study has provided empirical data to investigate the developmental
trajectory that children undergo before reaching an adult representation. Furthermore,
previous literature mostly focuses on how the Tone sandhi words are acquired
(Rattanasone et al., 2018; Wang, 2011) and how the sandhi patterns are applied in
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pseudo-words (Tang, et al., 2019) and so on, but little is known about how it is
recognized or internalized by speakers, even by adults. By discussing the findings of
the different experiments which involve the application, representation, and
decomposition of phonological and morphological patterns, and comparing them with
other studies, this dissertation has provided a fuller and deeper understanding of the

productivity of Tone 3 sandhi during language development.

| reported three primary experiments that aimed to address the aforementioned
questions about children’s phonological acquisition and the operational processing,
representation, and tone awareness of the initial syllable in the tone sandhi context
during development. The discussion is organized into the following four parts: 1) the
productivity of Mandarin Tone 3 sandhi in speech production and its acoustic
realization during language acquisition, 2) the representation of Mandarin Tone 3
sandhi in the mental lexicon of Mandarin-speaking children, 3) the tone awareness of
sandhi initial syllables in Mandarin-speaking adults and children, 4) the progress from

the memory-based lexical mechanism to the computation-based productive mechanism.
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7.1. The productivity of Mandarin Tone 3 sandhi in speech
production and its acoustic realization during language

acquisition

The thesis examined the productivity of Mandarin Tone 3 sandhi in Mandarin-
speaking children from three- to eight- years old by observing the application rate and
the acoustic features of sandhi in real words, pseudo-words, and novel words. As
mentioned in Chapter 3, these three types of words differ in the degree to which they
are stored as lexical items and also in the operational abilities and mechanisms they
require. Real words are expected to be listed in children’s mental lexicon and can,
therefore, be memorized via the lexical mechanism. Pseudo-words have been shown to
operate by the computation mechanism, even though there may exist certain previously
heard sandhi allomorphs that children may take advantage of when producing them.
For novel words, since no possible lexical entries can be retrieved from memory,
children are expected to lean solely on the phonological pattern for computational
processing. The elicited picture naming task (wug test; Gleason, 1958) was used to
elicit the spontaneous production of the sandhi words. Children’s productions were
evaluated based on both the tone production judgment from the phoneticians and the

acoustic analysis of the pitch trajectories.

The results of the tone production judgment demonstrate a developmental

trajectory in gaining adult-like high productivity. First, the results confirmed the high
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productivity of sandhi application in adult Mandarin speakers across the three lexicality
conditions. Comparing children’s performance to that of the adults, the results suggest
that children showed relatively low productivity from three to five years old, especially
for the three- and four-year-old children when producing pseudo- and novel words.
This indicates that the lexical mechanism is involved in these age groups under these
conditions. Secondly, children reached adult-like application in pseudo-words at six
years old and in the novel word condition at seven years old, indicating that children
had made the transition from using the lexical mechanism to applying the
computational mechanism at the age of six and had fully developed to processing tone

sandhi via the computational mechanism at the age of seven.

Moreover, this study further examined the pitch trajectories of children and
adults’ productions of Tone 3 sandhi real words, pseudo-words, and novel words. The
results revealed that all types of words showed rising trends, i.e., were more Tone-2
like, despite the average FO of pseudo- and novel words in the three- to five-year-old
children appeared lower than the real words. Combined results between statistical
analysis and the figures of pitch trajectories in different lexicality conditions suggested
the following: when observing the pitch trajectories of the Tone 3 sandhi items that
were identified as “application”, the three-to-five-year-old children still exhibited
significant trends of incomplete application in pseudo-and novel words than in real
words, while children aged six-to-eight showed significant trends of overapplication in
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pseudo-words compared to real words. This may be treated as an indicator to index
children’s awareness of the sandhi pattern and their attempts to apply the sandhi pattern.
When these six- to eight-year-old children tried to apply the sandhi pattern
spontaneously, a trend of overapplication or over articulation occurred. Concerning the
acoustic realization of the adult Mandarin speakers, they exhibited a trend of
incomplete application in pseudo- and novel words compared to real words in the items
that were identified as “application”. The patterns demonstrated by adults are
consistent, more or less, with the previous findings of Zhang and Lai (2010). This could
be because the pseudo- and novel words were presented syllable by syllable in their
underlying forms in the experiment, the process of which offered the participants more
exposures to the underlying tones. In contrast, the participants are expected to
encounter more surface-form sandhi real words, especially compared to the novel
words in which the sandhi form would never occur in daily life. The sandhi tones in
pseudo- and novel words may, therefore, have been more likely to bear more
resemblance to the underlying tone than to the sandhi tone. Zhang and Lai (2010) have
also linked the underapplication of tone sandhi in adults to a weaker phonetic

motivation for this type of sandhi pattern in nature.

To summarize the developmental timeline of gaining the adult-like productivity
in the three types of tone sandhi words: three-to-five-year-old children were not able
to apply the sandhi pattern like adults, which implies that children at this age may
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primarily make use of mental listings in the lexicon, relying on the lexical mechanism
to produce Tone 3 sandhi words. After a year of development and transition at the age
of six, the seven-and-eight-year-olds have fully acquired the adult-like computation
mechanism. Besides, as the sandhi pattern and the computation mechanism were
gradually acquired, children tended to apply it actively, sometimes showing certain

trends of over articulations in speech production.

Tang et al. (2019) conducted a similar experiment that explored the productivity
of Mandarin Tone 3 sandhi in the disyllabic pseudo-words (called novel words in that
paper; e.g., /ma213ku213/ & & “horse drum”) in children aged three-to-five with
adult performance as controls. However, the result of their study is not in agreement
with my findings. They found that three-year-olds have already applied the sandhi
pattern productively to the pseudo disyllabic words as well as adults. The discrepancies
between my findings and Tang et al. (2019) may be due to the difference in
experimental design and stimulus complexity. In their study, there were only four-tone
sandhi pseudo-words and they were all designed with two nouns, in contrast, my study
contained twenty tone sandhi pseudo-words that covered different types of
combinations such as nouns-word-combinations, noun-verb combinations, verb-noun
combinations, and twenty novel words. It is likely that children were more likely to
apply sandhi patterns in nouns, which led to a higher percentage of correct application
in Tang and his collaborators’ study. Furthermore, due to the limited number of stimuli,
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it is also possible that the pattern is caused by the probability of the sandhi-initial
allomorphs that occur in the sandhi context in language input to children. Even though
none of the pseudo-words really occurred, individuals could still take advantage of the
sandhi allomorphs of the initial syllable. If the allomorph occurs frequently as a sandhi
Tone 3, children may easily retrieve the sandhi form from memory, rather than apply
the sandhi pattern in the words. In fact, in another study which measured the acoustic
features of Mandarin Tone 3 sandhi real words (Rattanasone, Tang, et al., 2018), it
showed that children haven’t fully reached the adult-like acoustic realizations at five

years old even in the real words, which is partially consistent with my observation.

Interestingly, findings from a separate line of inquiry, the developmental
timeline of some morphological alternations in Indo-European languages, seem to
converge with my findings (e. g., Kerkhoff, 2007; Tomas, Van De Vijver, Demuth, &
Petocz, 2017). For example, when investigating children’s productive knowledge of
Dutch voicing alternation from a developmental point of view, the results revealed that
the alternation has not been fully acquired after the age of six (Kerkhoff, 2007). Besides,
when asked Russian-speaking children aged four to seven to apply the Russian
morphological alternations involving the interacting patterns of vowel deletion and
stress shift using a “wug” test with real and novel words, the results showed that even
the seven-year-olds exhibited high variabilities in applying the morphological patterns
(Tomas et al., 2017). All these studies pointed to a developmental time “seven years
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old”, which is in line with my finding that children at seven have reached an adult level
of productivity in applying the sandhi pattern. However, this may not indicate that the
“seven years old” is a crucial age. Age 7 broadly coincides with many factors, such as
the onset of school education, systematic Pinyin instructions, literacy (learning to read),
etc. It’ll be interesting to further observe what types of phonological and morphological
alternations would be acquired around seven-year-old, and the driven forces for the

development.

7.2. The representation of Mandarin Tone 3 sandhi in the

mental lexicon of Mandarin-speaking children

The representation features of sandhi items in the mental lexicon related heavily
to their operational mechanisms (e.g. Zhang, 2018). Considering the productivity
features from low to a higher degree during development, | set about observing how
the sandhi items are represented in children’s mental lexicon when they approaching
the adult-like productivity. The experiment targeted at children from four to eight years
old as well as adults as controls to explore the representation features during language
development. The study adopted an auditory priming lexical decision task, in which
the prime words matched the initial sandhi tone in either the underlying form (Tone 3),
or the surface form (Tone 2), or did not match in terms of tones at all (control). If the
children took advantage of the Tone 2 primes, the sandhi words may be represented in

their surface form. If they make use of the Tone 3 prime, the sandhi words may be
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represented in their underlying form. While if they make use of both the Tone 2 and
Tone 3 primes, the sandhi words are expected to be represented both as Tone 3 Tone3

and Tone 2 Tone 3.

For the adults, the results only exhibited a significant underlying priming effect
when deciding Tone 3 sandhi real words, which is consistent with the previous findings
(Chien et al., 2016; Zhang, 2018). For the children, the results suggested that children’s
representation of Tone 3 sandhi words undergoes a transformation from surface
priming between four and five to both surface and underlying priming at later ages, and
that they have not yet reached an adult-like underlying representation even between

seven and eight years old.

To compare the results of the speech production with the mental representation
features, four- and five-year-old children, who were found to exhibit relatively low
productivity in sandhi application in speech production, primarily store and retrieve the
sandhi words in their surface form. The consistent timeline further confirms children’s
way of learning sandhi words in the early ages that they primarily take advantage of

the lexical mechanism to memorize the surface-form sandhi words.

However, for the children from six to eight, this study showed that they relied
on both surface and underlying priming words when processing the Mandarin Tone 3
sandhi words. This finding does not perfectly match the development of productivity

in children’s production of tone sandhi words that the seven and eight-year-old children
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have already reached the adult-like level of computation mechanism. The results
suggested that the processing of Tone 3 sandhi words in these age groups still involves
the lexical storage of both the underlying tone and the context-specific surface tone. In
the current study, children from six to eight were also found to take advantage of both
surface-form and underlying-form exemplars before they reached the adult-like
underlying representation in speech comprehension. The reasons may be as follows:
firstly, the more abstract underlying-form representation tends to rely more on
language experience, while the surface representation depends more on the instant
auditory input/acoustic clues. With limited language experiences, children may easily

take advantage of both the surface and underlying representations.

In addition, there may be other, more important factors at play here. The lexical
decision task used real words to test the representation of tone sandhi in the mental
lexicon. Individuals’ degree of literacy may influence their ability to manipulate the
disyllabic words into smaller morphological units. In this experiment, the six to eight-
year-old children had only learned some of the written forms of words beforehand.
Therefore, due to the literacy effect, children may not reach the adult-like
representation even by seven and eight years old. To confirm this hypothesis, further
study should explicitly examine the literacy effect. To be specific, | will recruit both
literate and illiterate adults, and examine the representations of Mandarin Tone 3 sandhi
in their mental lexicons. If only the literate adults showed a significant underlying
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priming effect when deciding Tone 3 sandhi real words, while the illiterates exhibit
significant surface and underlying priming effects, | may predict that the representation
features in those illiterate adults were due to the literacy effect. Secondly, it is also
possible that the magnitude of lexical frequency may affect the operation of Mandarin
Tone 3 sandhi. Although Mandarin Tone 3 sandhi has been shown to operate via the
computation mechanism, this does not necessarily imply that all Tone 3 sandhi words
are manipulated by the same computation mechanism. For unfamiliar words,
participants may rely on computation mechanisms to apply the tone sandhi pattern
productively. For highly familiar words, however, they may not necessarily take
advantage of the computation mechanism, because the sandhi form may be retrieved
directly from the mental lexicon, which means that those real words could be encoded

by the lexical mechanism.

Both the surface and underlying priming effects were found in children aged
seven and eight in my thesis. This may be linked to the involvement of the lexical
mechanism. However, this pattern was not found in adults (Chien et al., 2016, 2017).
It may suggest that the adults’ have already established the computation processing of
Mandarin Tone 3 sandhi words, therefore the frequency took little effect (Chien et al.,
2016, 2017). Unlike the adults, children’s acquisition of computation operations were
not well established, the lexical frequency may thus affect their operation of Mandarin
Tone 3 sandhi.
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The results from the adult data are consistent with the previous findings (Chien
et al., 2016; Zhang, 2018) that Mandarin-speaking adults tend to list Tone 3 sandhi
words, which are productive, in their underlying form, even though the words they
encounter daily are in the post-sandhi form. That is to say, Mandarin native speakers
represent Tone 3 sandhi words as underlying /tone 3 + tone 3/ in their mental lexicon.
The prior presentation of a Tone 2 form, although matching sandhi targets in their

surface form, does not seem to facilitate recognition of the tone 3 sandhi words.

7.3. Tone awareness of sandhi initial syllables in Mandarin-

speaking adults and children

The thesis observed the awareness of sandhi tones in the Mandarin Tone 3
sandhi context (i.e., tone awareness of the initial syllable in Mandarin Tone 3 sandhi
words). In order to trace the development trajectory, the study recruited children from
four to eight examining the explicit tone recognitions and the implicit tone matchings
of the initial sandhi tones in sandhi words. The results revealed that children reached
the adult level of underlying Tone 3 recognition at seven years old in the explicit tone
recognition task. The seven-and eight-year-old children could recognize the tone of the
initial syllable in the sandhi context as underlying tone 3, like the adults. This may link
to the operation of the computation mechanism. When combing the results of the
speech production, the mental representation features of Mandarin Tone 3 sandhi and

the tone awareness task, we can find that the computation mechanism applies not only
147



when combining the underlying forms with the pattern to new words, represents the
surface forms with the underlying representations, it is also required in the
decomposition process of the productive phonological alternations. Comparatively,
children reached the adult level of underlying Tone 3 matching at eight years old in the
implicit tone matching task. Lagging behind, the ratio of underlying Tone 3 matching
in the seven-year-olds was still significantly lower than adults in the implicit tone
matching task. Integrated the children’s performance in younger age groups in the
implicit tone awareness task as noted in chapter 6, it is reasonable to check whether the

task is too difficult to reveal children’s awareness of tones in the tone sandhi context.

Besides, the results revealed that four-to six-year-olds showed significantly
less underlying Tone 3 recognition in the explicit tone recognition task compared with
adults, this may suggest the involvement of the lexical mechanism at these age groups.
However, this is not consistent with the results of chapters 3 to 5 in which children
primarily took advantage of the lexical mechanism at three to five-year-olds, and made
use of the computation mechanism to a large extent at six years old in the speech
production task. The significantly lower underlying Tone 3 ratio in children at six than
adults in the task can be explained by literacy effect and whether children had any prior
explicit Pinyin instructions. To compare the differences between six-year-old children
and adults in this chapter, the six-year-old were found only received a few prior explicit
Pinyin instructions and only know a limited number of written forms of words.
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When observing the influence of explicit Pinyin instructions on the
performance of children in different age groups in the explicit and implicit tone
awareness tasks, | found that the Pinyin instructions significantly facilitated the implicit
tone awareness. Moreover, the overall results exhibited general developmental
trajectories for both the underlying Tone 3 recognition and the matching, which are in
line with children’s degree of explicit Pinyin instructions. To be specific, the seven-
and eight-year-old children, who had received explicit Pinyin instructions like adults,
have been found to show larger ratios of underlying Tone 3 recognition and matching.
While the four-year-old children who have never received any explicit Pinyin
instructions were found to show the least ratio of underlying Tone 3 recognition and
matching. The developmental trajectories of underlying Tone 3 recognition and
matching ratios may not only because of the age but also the degree of prior explicit
Pinyin instructions. To confirm this postulation, further studies will be conducted to
associate the tone awareness in the sandhi context and Pinyin education with a better-

controlled design.

7.4. The progress from the lexical mechanism to the

computation mechanism

The thesis offers a comprehensive understanding of how Mandarin-speaking
children learn to apply the Mandarin Tone 3 sandhi pattern, how the Tone 3 sandhi

patterns are represented in children’s mental lexicon, and how to internalize and
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decompose the pattern from the surface form during language development. The
overall results reflect children’s general developmental progress of language
processing from the lexical mechanism to the computation mechanism, that is, children
aged from three to five years old generally made use of a lexical mechanism to retrieve
the surface form sandhi words from memory, while their underlying Tone 3
representations became adult-like via computation mechanism at seven years old.
According to the previous literature (e.g., Ullman, 2001; Pinker & Prince, 1991), the
lexical/computation distinction may be tied to the distinction between two well-studied
brain memory systems, i.e., declarative memory and procedural memory. It has been
suggested that the declarative memory is usually specialized for memorizing arbitrarily
related information, while the procedural memory may be specialized for computing
the regular sequences or grammatical patterns (Ullman, 2001; Ullman & Pierpont,
2005). Further studies will focus more on the relation between the operational

mechanisms of tone sandhi and the two memory systems.

These developmental features found in children triggered a new question. What
may support the developmental progress of language processing from the lexical
mechanism to the computation mechanism? It is not difficult to imagine that during the
process of language acquisition, both the surface and the underlying forms of Tone 3
words might be provided to children as input in daily lives. For example, the word /ci

au213/ /) “small” may be frequently heard by children in different forms, such as /ci
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au213 xuab55/ /g “flower”, /eiqu35 kou213/ /|\¥5 “dog”, or single word /eia
u213/ sJx. At the very beginning, children may only memorize the different forms as
frozen chunks. At this stage, children already acquired the ability to recognize the
lexical tones. For example, previous studies (see Singh & Fu, 2016, for a review) have
demonstrated that infants have been able to recognize lexical tones before six months.
However, if a child is asked to link the surface allophones of an initial syllable (e.g.,
leiqu213/) appearing in different tonal contexts (e.g., /eiau213 xua55/ and /eiqu35
kou213/) to the same morpheme, the task becomes more complex and some more
efforts are required. To be specific, in this process, children are expected to be able to
break down the disyllabic word into syllables (involving syllable awareness) and link
leiau213/ and /eiau35/ to the same morpheme/word (involving morphological
awareness). Syllable awareness was found to be acquired quite early in Mandarin-
speaking children, that is around four years old (Shu et al., 2008). The acquisition of
morphological awareness was quite late, in which free morphemes emerged between
ages 3;10 and 5;0, whereas awareness of some bound morphemes was still not adult-
like at seven years old (Hao et al., 2013). Children’s development from lexical
mechanism to computation mechanism may be supported by an integrative effort of
tone sensitivity, syllable awareness, as well as morphological awareness, which is

therefore acquired gradually with age.
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It is also worth noting that the developmental trajectory of the morphological
awareness in Mandarin-speaking children (Hao et al., 2013) is more or less consistent
with the progress of acquisition of tone sandhi. The morphological awareness in the
abovementioned study refers to children’s ability to detect whether words that have the
same pronunciation were the same morpheme or different, homophonous morphemes.
For example, participants were asked to judge which of the following three morphemes
had a different meaning (/xun35 tsA 35/ 1% “black tea”, /ly51 tsA 35; g% “green
tea”, and /te ien213 tsA 35/ F&&E “to examine”). If children were able to detect that
the /tsA 35/ in /teie@n213 tsA 35/ had a different meaning from the other two, they were
regarded as having acquired morphological awareness (Hao et al.,, 2013).
Comparatively, Mandarin Tone 3 sandhi also involves morphological awareness which
requires the ability to link the two different allophones that occur in different contexts
to the same meaning. | found that the application tone sandhi pattern was still
undergoing development at seven years old, in terms of the mental representations,
which is quite consistent with the developmental trajectory of morphological
awareness reported in previous studies (Hao et al., 2013). Again, these findings
supported the claim that tone sandhi does not only require tone sensitivity, but it is also

a process that demands integrations of other language abilities.

Importantly, great individual variations can be seen in all the experiments of
my thesis. For example, in the speech production task concerning the productivity of
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the Mandarin Tone 3 sandhi, the individual application rates of adults and seven- to
eight-year-old children were densely distributed above 85%. While the differences
became larger in younger groups, especially in the three-year-olds. The large individual
differences are also obvious in the lexical decision and tone awareness tasks. The
individual variations may be driven by many factors. In the first place, previous explicit
Pinyin instructions and literacy are expected to influence the developmental progress.
The effects of explicit Pinyin instructions and literacy have been observed to some
extent in the thesis. The seven- and eight-year-old children have received systematic
Pinyin instructions. This may be one of the crucial driving forces for the development
of tone sandhi. Moreover, children’s vocabulary size, language inputs, children’s 1Q,
and their statistical learning performances, may also influence the developing progress.
Statistical learning, which is recognized as a foundational mechanism for the successful
acquisition of spoken language, refers to the ability to implicitly detect recurring
patterns and regularities in environmental input (e.g., Raviv & Arnon, 2018). Previous
literature has demonstrated that procedural memory-based learning abilities connect to
statistical learning. My future studies will focus more on systematically exploring those

possible reasons for the development of tone sandhi.

Moreover, the degree of complexity of tone sandhi also influences the
developmental progress. When trying to observe if different productive phonological
alternations go through similar developmental progress, | compared the developmental
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productivity features of Mandarin Tone 3 sandhi in my thesis and Xiamen tone sandhi
in Li and Mok (2019). The application of Mandarin Tone 3 sandhi in novel words is
found to have reached the adult-like productivity at seven years old in this thesis.
However, when investigating the productivity of Xiamen tone sandhi, which involves
a complex tone sandhi circle, children as old as ten still have not fully acquired the tone
sandhi pattern (Li & Mok, 2019). The Xiamen dialect is a dialectal group of Southern
Min, and its sandhi pattern is therefore similar to that of Southern Min, which is more
complex than the tone sandhi patterns in Mandarin. The adult native speakers are able
to apply the sandhi patterns to pseudo-words of Xiamen tone sandhi items. However,
the developmental timeline is delayed in those complex sandhis in Children who speak
Xiamen dialect, and they tended to acquire those patterns in a much later stage (Li &
Mok, 2019). These findings suggest that children showed different speeds of progress
in reaching the adult-like productivity in acquiring the phonological alternations, the

degree of complexity of tone sandhi also influences the developmental progress.

The findings that the acquisition progress of phonological alternations is
different across languages/dialects and is influenced by the complexity of tone sandhi
patterns are consistent with those found in morphological alternations. Previously,
plenty of studies in Indo-European languages have provided compelling evidence that
the acquisition progress of morphological alternations was not merely modulated by

age growth (e.g., Gleason, 1958; Kerkhoff, 2007; Rumelhart & McClelland, 1987;
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Slobin, 1985; Steven Pinker, 1999; Tomas et al., 2017; Bybee, 1995; Kellerman, 2019;
Kirjavainen et al., 2012; Schuler et al., 2016). It was also influenced by many factors,
among which the complexity of the alternation patterns was also found to play an
important role. For example, children have already been found to be able to apply the
plural noun inflection /-s/, which is relatively simple, to pseudo nouns at around the
age three (e.g. Gleason, 1958; Bybee & Slobin, 1982; Steven Pinker, 1999). However,
for the Russian morphological alternations, the process of which involves a complex
interaction between vowel deletion and stress shift, the results showed that even the
seven-year-olds still exhibited high variabilities in applying the morphological patterns
(Tomas et al., 2017). Taken together, these findings suggested that the acquisition of
both the phonological alternations and morphological alterations do not appear to
follow similar developmental timelines across different languages/dialects, and that the
complexity of the pattern itself matters. Finally, the developmental progress of
phonological alternations and morphological alterations may also be affected by some
other factors such as whether the alternation is regular or not, or whether it is
phonetically motivated. The two factors have been verified to relate heavily to the
developmental progress of some morphological and phonological alternations (e.g.,
Schuler et al., 2016; Slobin, 1985). My future studies will also focus on these

unexplored questions.
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Chapter 8 Conclusion

This project examined the productivity of Mandarin Tone 3 sandhi and its
representation features. First, | tracked the developmental trajectory in children’s
application of Mandarin tone sandhi with an elicited picture naming test. | recruited
seventy-four children from three- to eight years old and 13 adults as controls for this
task. Three types of words, including real words, pseudo- and novel words, which are
different in lexicality, were designed for the experiment. As can be seen in chapter 3
and chapter 4, | combined speech production judgment and acoustic analysis to
evaluate their sandhi application features. The results of tone production judgment
suggest that children showed relatively low productivity from three to five years old,
this is especially true for the three-year-old children when producing pseudo- and novel
words, which indicates the lexical mechanism is involved in these age groups under
such conditions. Besides, children reached the adult-like application in pseudo-words
at six-year-old, and in novel words condition at seven years old, indicating that children
started to transit from using the lexical mechanism to applying the computational
mechanism at the age of six, and fully developed to process tone sandhi via the
computational mechanism at the age of seven. The result from the acoustic analysis
basically confirmed the developing timeline for children reaching the adult-like

computation mechanisms. However, it is noteworthy that children aged from six to
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eight showed a significant trend of overapplication in pseudo-words compared with
real words. This may be due to the children’s awareness of the sandhi pattern, and their

active efforts to apply the pattern when trying to produce pseudo-words.

In addition to children’s performance in speech production, I further observed
how the sandhi items are represented in children’s mental lexicon as they are
approaching adult-like productivity via the computation mechanism. | recruited 107
children from age four to age eight as well as adults as controls to achieve this goal. |
adopted an auditory priming lexical decision task, in which the prime words were
designed to match either the surface (Tone 2) or underlying form (Tone 3) of the initial
syllable of the tone sandhi words, or not match in terms of tones. If the sandhi items
are represented in the underlying form, we expected a facilitatory effect from Tone 3.
If they are represented in the surface form, we expected a significant facilitatory effect
from Tone 2. While if the tone sandhi items are represented as multi-variant exemplars,
we expected significant facilitatory effects from both the surface Tone 2 and the
underlying forms. The results showed that the representation features of sandhi items
in mental lexicon related heavily to their operational mechanisms. That is, children’s
representation features of tone sandhi were also going through development in line with
the development of their operational mechanisms in that tone sandhi was primarily
represented in the surface form at four and five-year-old, and went through a gradual
development after that. Nonetheless, the results showed that even the seven and eight-

157



year-old children have not established an adult way of underlying representation of
tone sandhi. These findings suggested/confirmed that the lexical mechanism is
primarily involved in children aged four and five. The seven and eight-year-old
children still have not reached the adult-like underlying representation that links to the
full use of computation mechanism, which is inconsistent with the findings from my
productivity experiments. There are primarily three possible reasons for this
discrepancy. First, it may result from children’s limited language experiences.
Secondly, since the priming task used the real words as targets, individuals’ degree of
literacy may influence their ability to break down the disyllabic words into smaller
morphological units. Indeed, the six to eight-year-old children had only learned some
of the words beforehand. Due to this literacy effect, children may not reach the adult-
like representation even by seven and eight years old. Thirdly, it is possible that the
magnitude of lexical frequency may affect the operation of Mandarin Tone 3 sandhi.
Although Mandarin Tone 3 sandhi has been shown to operate via the computation
mechanism, this does not necessarily imply that all Tone 3 sandhi words are
manipulated by the same degree of computation process. For highly familiar words,
they may not necessarily take advantage of the computation mechanism, because the
sandhi form may be retrieved directly from the mental lexicon, which means that those

real words could be encoded by the lexical mechanism. Therefore, both the surface and
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underlying priming effect, which links more to the lexical mechanism, were found in

children who haven’t fully established the operational mechanism of computation.

My third experiment explored how individuals decompose sandhi items from
larger units. The details are elaborated in chapter 7. In order to trace the developmental
trajectory, the study recruited 86 children from four to eight, as well as adults as
controls, and used the well-established explicit and implicit phonological awareness
tasks to examine their tone recognition and tone matching features. The results showed
that the gradual development in the explicit and implicit tone awareness of the initial
tone sandhi words in children. Children reached the adult level of explicit processing
at seven years old, while they reached the adult-level of underlying processing in the
implicit task at eight years old. The adult-like underling Tone 3 recognition in seven
years old in the explicit tone awareness can also be linked to the operation of the
computation mechanism. Further studies should be conducted with an easier implicit
tone awareness task to confirm the implicit awareness of the tones with tonal

alternations.

The overall picture of the study offered us a general understanding of how native
Mandarin children process phonological alternations, particularly tone sandhi, during
language development. The phonological Mandarin Tone 3 sandhi pattern has been
tested to be highly productive and operated via a computation mechanism in Mandarin-

adult speakers. From the current study, it can be seen that children were not as
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productive as adults from the beginning. They primarily rely on the lexical mechanism
to produce real words with Tone 3 sandhi at an early age, and probably have not

reached adult-like computational processing until around seven years old.

However, the thesis is not without limitations. First, this thesis did not control
individuals’ cognitive and linguistic abilities very well, such as children’s levels of
literacy and degrees of Pinyin instructions, vocabulary size, 1Q, and their statistical
learning ability, which may have influenced the results to different extents. Secondly,
there are different theoretical accounts for the representation features of tone sandhi in
the mental lexicon of Mandarin-speaking adults. The thesis only tested part of them
currently. Based on the current literature and findings, the overall pictures for the
representation of Mandarin Tone 3 sandhi in adult speakers should be: the underlying
representation may be activated when hearing the sandhi words, while both the surface
and the abstract underlying forms are activated when producing the words (supporting
the multi-variant account). The multi-variant account for Mandarin Tone 3 sandhi has
been verified in the encoding of tone sandhi words in adult speakers (Chen et al., 2011;
Nixon et al., 2015). However, it is still unclear if the account also applies to children
in different age groups. It would be meaningful to observe children’s progress on the

representation of tone sandhi in speech production.

Considering the limitations in the thesis, my future studies will combine the

factors that may influence the operational mechanisms of tone sandhi, for example,
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literacy effect, Pinyin instructions, children’s vocabulary size, 1Q, and their statistical
learning ability, to achieve a better understanding of the acquisition of tonal
alternations. In addition to this, 1 will also explore the developmental features of tone
sandhi with low productivity such as that in Southern Min, and a further look at the
neuro processing mechanisms of the two types of tone sandhi patterns in Chinese
dialects from developmental perspectives. Moreover, more models will be considered
and tested in future studies. It is expected that these studies will broaden our
comprehension of tone sandhi in nature. More importantly, these studies will provide
empirical evidence to the theoretical models of speech production, language

acquisition, and phonology.
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