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Abstract

The present study investigated first language (L1) and second language (L2) Chinese
categorization of tones and segments and use of tones and segments in lexical access.
Previous research has shown that English listeners rely more on pitch height than pitch
direction when perceiving lexical tones; however, it remains unclear if this superior use of
pitch height aids English-speaking learners of Chinese in identifying the tones of Chinese
that differ in initial pitch height. The present study aimed to investigate this issue to
determine whether this pitch height advantage aids English-speaking Chinese learners in
identifying the tones of Chinese by looking at the time course of categorization of Chinese
tones that differed in initial pitch as well as segments. A norming study was first conducted to
investigate the duration of acoustic input needed to hear tone and segment (rime) distinctions. In
a gated AX discrimination task, native Chinese listeners and naive English listeners heard
increasingly large fragments of tonal pairs and segmental pairs that varied in the expected
disambiguation point. The results of this norming study were used to select tonal and segmental
stimulus pairs were controlled (as best as is possible) for the disambiguation timing in the next
two experiments.

Experiment 1 investigated the time course of categorization of tones and segments using
a forced-choice gating task designed to tap into listeners’ identification of fragment categories
taken from syllables that differ only in tones or only in segments. Native Chinese listeners and
L1-English L2-Chinese listeners heard a single fragment of a Chinese word and identified either
the tone or the rime of the heard fragment from two presented options. The results showed that

the segmental contrasts had higher accuracy than tonal contrasts for both groups. The L2-
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Chinese listeners performed comparably to the native listeners on both tonal and segmental
contrasts, and L2 Chinese listeners showed no advantage over native listeners.

The second goal of this study was to investigate the time course of the use of tones and
segments in lexical access. Previous work has shown that native Chinese listeners use tones and
segments simultaneously in lexical access. Previous work on how second language learners of
Chinese use tones in lexical access compared to segments showed that tones and segments are
used at the same time; however, work in the segmental domain suggest that this should not be the
case, and learners should struggle to use the new tones in online lexical access. As such, this
work aimed to reinvestigate the timing of use of tones and segments in second language Chinese,
as well as to compare learners’ use of tones and segments to native listeners with a highly time-
sensitive measure: visual-world eye-tracking.

Experiment 2 investigated the time course of use of tones and segments in online spoken
word recognition for L1 and L2 groups. The same segmental and tonal pairs used in Experiment
1 were used in a visual-world eye-tracking experiment. Native Chinese listeners and L1-English
L2-Chinese listeners saw two pairs of words displayed as corresponding images: one tonal pair
and one segmental pair. Eye movements were recorded as participants heard a single target word
in isolation and clicked on the corresponding picture. The eye movement data revealed that
native Chinese listeners use tones and segments to begin constraining the lexical search at
approximately the same time, and tonal information constrained the search more rapidly than did
segments. The L.2-Chinese learners showed segmental use comparable to that of native listeners;
however, their tonal use was delayed by approximately 100 ms. In terms of speed, learners also
showed more rapid use of tones in constraining the lexical search, although tones and segments

were used to constrain the lexical search more slowly than they did for native listeners.
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These results are discussed in relation to recent L1 studies on lexical access of tones and
segments and computational modeling of suprasegmental information. The results of this
research is in line with previous work that showed tones and segments are used to constrain
lexical access simultaneously; however, the current work does not support the conclusion that
tones and segments are used in the same way, with tones constraining the lexical search faster
than segments. It is suggested that the cause of this tone speed advantage is the number of
competitors removed from competition when the processor is certain of a tone as opposed to
certain of a segment or even rime.

The present results also speak to the literature on the use of segmental and
suprasegmental information in a second language and suggest that the timing of use of different
cues to lexical identity is dependent on if that cue is used in the L1, since segments were
processed at the same time as native speakers while tones were delayed. Speed of use seems to
be independent of whether or not it is used in the L1, with both tones and segments being

processed slower overall compared to native listeners.
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CHAPTER 1: INTRODUCTION
Auditory word recognition is the process by which listeners use acoustic information available in
the speech signal to locate the intended word (and meaning) of the speaker in the mental lexicon.
More specifically, lexical access is the process of using this information to locate the intended
word of a speaker in the mental lexicon, to the exclusion of words with similar sounds and/or
meanings. Segmental cues (e.g., consonants, vowels) and suprasegmental cues (e.g., tone, stress,
prosody) can both signal lexical differences in language.

To illustrate, Mandarin Chinese (henceforth Chinese) differs from English in that both
tonal and segmental information contribute to lexical identity: The word ma in Chinese can have
four meanings depending on its tone (e.g., Tone 1 ma ‘mother’ [level tone] vs. Tone 2 md
‘hemp’ [rising tone] vs. Tone 3 md ‘horse’ [dipping tone] vs. Tone 4 ma ‘to scold’ [falling
tone]). Visual depiction of the tones and their corresponding tone numbers are presented in
Figure 1 below on a 5-point pitch scale (Chao, 1930), with 5 being the highest pitch point and 1
being the lowest (figure adapted from Li, 2002).

Additionally, the word md [mal] ‘mother’ (examples are provided in Pinyin, followed by
their phonetic transcription and translation when segments and tones are represented) can
contrast segmentally with the word mi ‘microphone,’ in the change of the vowel, or with ba
[pal] ‘eight,’ in the change of the initial consonant. Research has shown that suprasegmental
information, including not only tonal information, but also stress and prosody, is important for
spoken word recognition (e.g., Cooper, Cutler, & Wales, 2002; Cutler & Chen, 1995; Reinisch,
Jesse, & McQueen, 2010). How segmental information and suprasegmental information are

integrated into the word recognition system is poorly understood, however.



Tone Contour Tone Type

577 44 1 Tone 1
47 Tone 2
371 2

Tone 3
2— 3

Tone 4

l_d

Figure 1: Mandarin Chinese tonal contours example with corresponding tone numbers (adapted
from Li, 2002)

Research on how native Chinese listeners categorize the tones of Chinese has consistently
shown that tones are disadvantaged compared to segments. For example, Taft and Chen (1992)
showed that when native Chinese and Cantonese listeners judged whether two written words
were homophonous in Chinese or Cantonese, respectively, they were significantly less accurate
to say ‘no’ when the words differed only in tone as opposed to when they differed in a vowel.
Similarly, Cutler and Chen (1997) found that, in an AX discrimination task, native Cantonese
listeners made more errors when the two words heard contained a different tone (ma3 — ma?2)
than when the contrast was in segments (e.g., ma3 — na3).

Time-sensitive measures of the use of tones and segments in lexical access, however, all
show that tones and segments are used in analogous ways. Both eye-tracking and neural imaging
methods show that tones and segments are used to constrain the lexical search at the same time
and to the same extent (Malins & Joanisse, 2010, 2012; Schirmer, Tang, Penney, Gunter, &
Chen, 2005; Zhao, Guo, Zhou, & Shu, 2011). These results appear to be in direct opposition

to the earlier offline tasks that reported a tonal disadvantage.



The discrepancy between these two lines of studies could be attributed in part to the
use of offline and online tasks, in part to the weaker versus greater emphasis of these tasks
on lexical information, in part to the meta-linguistic versus unconscious measures, and in
part to the different materials used in these studies. A study that directly compares the
categorization of tonal and segmental information and the use of this information in lexical
access with comparable materials is thus needed to elucidate the nature of this discrepancy.

In addition to native Chinese listeners’ use of tones, English-speaking learners of Chinese
need to learn to perceive and categorize the tones of Chinese. Existing research on non-native
language acquisition of tones suggests that English listeners are able to learn to categorize the
four tones of Chinese (e.g., Wang, Jongman, & Sereno, 2003; Wang, Spence, Jongman, &
Sereno, 1999); however, additional research shows that naive listeners differ from native Chinese
listeners in the cues they use to perceive tones. Native English listeners use average pitch
height to discriminate the tones, whereas native listeners who speak tone languages, such as
Chinese and Thai, rely more on the direction of the pitch change (e.g., Gandour, 1983;
Gandour & Harshman, 1978; Kaan, Wayland, Bao, & Barkley, 2007; Qin & Jongman,
2016).

What is unclear from this research, however, is whether the pitch height advantage
seen for naive English listeners can help English-speaking learners of Chinese in
categorizing the tones. If these learners of Chinese can utilize this pitch height information
to categorize the tones of Chinese, they may have a categorization advantage over native
listeners when pitch height is the primary cue to tone identity.

In terms of how Chinese learners incorporate tonal information in online spoken word

recognition, very little is known. Recently, one priming study investigated native English



speaking Chinese second language learners’ use of tones and segments in lexical access by
varying the inter-stimulus interval (ISI) to investigate the timing of use of tones and segments
(Sun, 2012). The results showed that Chinese learners use tonal and segmental information in the
same way as native Chinese listeners, but that their processing was overall slower compared to
native listeners, for both tones and segments (Sun, 2012). Work in the segmental domain,
suggests that sounds that do not exist in the learners’ native language create difficulty for lexical
access (e.g., Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011). By analogy, one might
expect that the non-existence of tonal categories in English would create difficulty for Chinese
learners’ use of tonal information in online word recognition. A time-sensitive measure of the
use of tones in lexical access may be able to shed more light on how English-speaking learners

of Chinese use tones in online spoken word recognition.

1.1. THE STRUCTURE OF THIS DISSERTATION

The studies presented in this dissertation used comparable materials in offline and online
tasks to investigate the use of tones and segments in first language (L1) and second language
(L2) Chinese categorization of tones and segments and the use of this information in lexical
access. These studies investigated these issues by using both an offline measure, a forced-choice
gating task, and an online and highly time-sensitive measure, a visual-world eye-tracking task. If
the tone disadvantage is not task-dependent, then the same tone disadvantage seen in early work
should be found in both offline and online tasks. Additionally, each task investigated issues
specific to L1- and L2-Chinese listeners, such as the use of pitch height cues to identify and

access tones.



This dissertation will be presented in two parts. The first part reports two experiments on
the perception of tones and segments in L1 and L2 Chinese listener groups. A norming study was
first conducted to select materials that were controlled as closely as possible for the duration of
acoustic input needed to disambiguate the tonal and segmental pairs for the two experiments
conducted in this study. Experiment 1 then investigated the time course of categorization of
Chinese tones and segments (i.e., rime information) for L1- and L2-Chinese groups using a
forced-choice gating task. The results show that despite their heightened sensitivity to pitch
height, L2 learners do not have an early advantage in categorizing the tones of Chinese over
native listeners, and instead performed similarly to native listeners for both tonal and segmental
identifications.

Experiment 2 investigated the use of tones and segments in the online lexical access of
L1- and L2-Chinese listeners with a visual-world eye-tracking task. Participants saw displays of
four items corresponding to a tonal pair and a segmental pair. Either an item from the tonal pair
or an item from the segmental pair was heard as the spoken target, and eye movements to each
item on the screen were analyzed as participants heard the spoken word and clicked on the
word’s corresponding image. The results suggest that native listeners use tones and segments at
the same time in lexical access, but tones and segments may constrain lexical access in different
ways. Learners show a significant delay in the use of tonal information, but, like native speakers,
the results showed that tones and segments might constrain the L2 lexical search in different
ways. The results will be discussed in relation to previous L1- and L2-Chinese studies as well as

current models of lexical access including tones.



Part1
CHAPTER 2: CATEGORIZATION OF TONES AND SEGMENTS

2.1. INTRODUCTION

Recent studies on the L2 acquisition of Chinese have shown that although English-speaking
learners of Chinese initially struggle to learn the four tones of Chinese, with training they
can improve their identification of the tones up to about 90% accuracy (Li, 2016; Wang et
al., 2003; Wang et al., 1999). Additionally, perceptual work has shown that naive English
listeners rely on different aspects of the tones to distinguish them than native listeners who
speak tone languages such as Mandarin, Cantonese, Yoruba and Thai. Studies using both
dissimilarity ratings as well as electroencephalography (EEG) have shown that English
listeners rely more on the average pitch height of the tone, whereas native listeners of tone
languages such as Cantonese, Yoruba, Thai and Chinese, rely more on the direction and
slope of the tone (Cantonese, Yoruba and Thai: Gandour & Harshman, 1978; Mandarin

Chinese: Kaan et al., 2007).

2.1. NATIVE CHINESE LISTENERS VS. NATVE LISTENERS
There exists a large body of literature on the categorization of tones and segments across
languages. The present study investigates possible differences in the categorization of tonal and
segmental information and in the use of this information in lexical access. Because the present
study seeks to directly compare tones to segments, it focuses on listeners’ categorization of the
rime portion of the syllable (see Section 3.1.5 for a justification of this choice). We therefore
begin with a discussion of the research on vowel categorization.

Early work suggested that vowels were perceived much less categorically than

consonants (Fry, Abramson, Eimas, & Liberman, 1962; Pisoni, 1973), in that although their



identification was somewhat categorical, their discrimination still remained well above chance
for within-category pairs. Fry et al. (1962) tested a range of vowels using synthetically produced
/1, €, &/ continua. Participants took part in both discrimination and identification tasks.! The
discrimination task took the form of an AXB task, where participants were asked to decide if the
stimulus X was identical to stimulus A or B. A and B stimuli were chosen so that they fell one,
two, or three steps from each other at different points on the continuum. The identification task
used the same stimuli as the discrimination task, but this time participants were asked to label
each of the stimuli as /1/, /¢/, or /&/.” These results were compared to existing data on /b, d, g/
continua. The discrimination results show no peaks, with discrimination accuracy above chance
for all possible pairings and steps. The identification results were semi-categorical, that is, much
less categorical than for stop consonants in that the slope was shallower than for consonants, but
not fully linear.

Pisoni (1973) later found slightly more categorical results for vowels. The author used a
synthetically produced long and short /i-1/ continuum and compared this vowel continuum to
/bae/-/dee/ and /ba/-/pa/ continua. Native English listeners participated in discrimination and
identification tasks. In the discrimination task, participants heard two stimuli two steps apart on
the continuum, and made same-different judgments. In the identification task, participants heard
a single stimulus and made a forced-choice identification specific to the continuum being heard
(e.g.,/b/ or/d/, /i/ or /1/, etc.). The discrimination results showed a clear peak at the boundary, but
discrimination of the stimuli at the end points remained well above chance. This is a clear

departure from the stop consonant results, for which discrimination at the end points was at

" The native language of the participants was not reported; since the data were collected at the University of
Connecticut, it is likely they were native English listeners.

* The original paper states that the participants were instructed to “label each stimulus as /1/, /¢/, or /a/” (Fry et al.,
1962, p. 177), and makes no mention of whether participants were told what each phonetic symbol stood for, or
whether English letters were used.



chance. The results of the identification task showed that both vowel continua were less
categorical than the stop consonants; however, the results appeared much more categorical than
those of Fry et al. (1962). These results of semi-categorical perception of vowels have been
replicated in other behavioral work (Fujisaki & Kawashima, 1968, August; Fujisaki &
Kawashima, 1969; Pisoni, 1971), as well as in neural imaging research using the M100
magnetoencephalography (MEG) component, which is sensitive to frequency (here F1 and F2)
(Roberts, Flagg, & Gage, 2004).

Like with vowels, early work on Thai suggested that lexical tones are not perceived
categorically, and are instead perceived in a gradient fashion (Abramson, 1979). Abramson
(1979) used synthesized syllables with a 16-step continuum from the high to mid to low level
tones of Thai. Participants completed discrimination and identification tasks.’ The discrimination
task took the form of a four-interval forced-choice task, where participants heard two pairs of
stimuli: one identical pair and one pair with the stimuli differing along the continuum by one or
two steps. The task was to choose the pair that differed. Identification data were collected as
well, though how it was conducted is unclear from the paper. The discrimination results show
above-chance accuracy on the within-category pairs and no clear discrimination peaks at the end
points of the continuum. The identification results showed gradient shifts from high to mid to
low tone identification. These results suggested that the Thai tones were not perceived
categorically or even semi-categorically.

However, Hall¢, Chang, and Best (2004) obtained different results for Chinese tones
(Taiwan Mandarin): They found evidence of semi-categorical perception of tones similar to that
found for vowels (Fujisaki & Kawashima, 1968, August; Fujisaki & Kawashima, 1969; Pisoni,

1971, 1973; Roberts et al., 2004), with categorical identification, but discrimination remaining

? The participants’ native language was not reported, though it is assumed that they were native speakers of Thai.
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above chance for within-category pairs. The authors tested native Taiwan Mandarin (tone
language) and French (non-tone language) listeners on their categorization of Chinese tones. The
stimulus tone pairs used were the Chinese tones of Tone 1 — Tone 2, Tone 2 — Tone 4 and Tone 3
— Tone 4 on three syllables, [p"a], [p"i] and [ktuo]. Tone continua were created by synthesizing
six intermediate steps between each of the tones in the pair. In Experiment 1, only the native
Taiwan Mandarin listeners participated in discrimination and identification tasks. The
discrimination task took the form of an AXB two-step task. In the identification task, participants
were presented with a single stimulus, and were asked to make a forced-choice identification
between two written characters that differed only in tone. The results of the identification task
show steep slopes for all tone continua at the boundary. The discrimination results showed a
weak peak at the boundary, with within-category discrimination still above chance. These results
are similar to the pattern found for vowels (Fujisaki & Kawashima, 1968, August; Fujisaki &
Kawashima, 1969; Pisoni, 1971, 1973; Roberts et al., 2004).

In Experiment 2, both native Taiwan Mandarin and native French listeners’ participated
in a task investigating the identification of Chinese tones using the same stimuli as Experiemnt 1
(with the exception of one syllable [k'uo] to keep the length of the experiment reasonable). Since
naive French listeners could not label the tones of Chinese without training, an AXB
“identification” task was used (Best, Morrongiello, & Robson, 1981).4 In an AXB discrimination
task, the A and B tokens are a number of steps from each other, whereas in the AXB
“identification” task, they corresponded to the endpoints on the tone continua. In this way, the
authors could have the naive French listeners identify the intermediate stimuli as either endpoint,

without having to train them how to identify the tones. The “identification” task results showed

4 This task was discussed as an identification task in the original paper, even though AXB is classically discussed as
a discrimination task.



that the slope at the boundary was steeper for native Taiwan Mandarin listeners compared to
French listeners.

Experiment 3 tested both native Taiwan Mandarin and native French listeners’
discrimination of Chinese tones using the same materials as in Experiment 2. French listeners
showed no peak, indicating that discrimination at the tone boundary was not easier than that
within-category. Native Taiwan Mandarin listeners, on the other hand, showed discrimination
similar to that shown in Expirment 1, with a clear peak at the boundary, but with discrimination
remaining above chance for within-category discriminations.

The results of these experiments revealed that native Taiwan Mandarin listeners’
perception of the tones was more categorical (i.e., with better discrimination across categories
than within and a more categorical “identification” of the boundary) than that of French listeners,
with French listeners showing more psychophysical perception of the tones.

Similarly, Chang, Halle, Best, and Abramson (2008) also found that native tone-language
listeners (Cantonese, Thai, Vietnamese) showed more categorical perception of tones than naive
listeners who did not know a tone language with a larger and more varied tone language groups.
The authors tested native Cantonese, Thai, Vietnamese, Japanese, and English listeners on their
categorization of Chinese tones. None of the participants had any knowledge of Chinese. Of
these language groups, the authors describe only Japanese and English to be non-tonal
languages. Participants participated in both discrimination and identification tasks using tone
continua between Tone 1 and Tone 2, Tone 2 and Tone 4, and Tone 3 and Tone 4. The authors
had participants complete AXB tasks both as discrimination and “identification” (described
above) tasks so that all participants could complete the task without the need to be trained on the

tones. In the discrimination task, the A and B tokens were two steps from each other, whereas in
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the “identification” task, they corresponded to the endpoints on the tone continua. The results of
the two tasks revealed that tone-language listeners’ perception of the tones was more categorical
(i.e., with better discrimination across categories than within and a more categorical
“identification” of the boundary) than that of non-tone-language listeners.

Sun and Huang (2012) replicated these results with naive English listeners and Taiwanese
Southern Min listeners. Two tone continua were used: one ranging from a high-level tone to a
mid-level tone, and the other ranging from the high-level tone to a high-falling tone. Participants
completed an AX discrimination task with stimuli from these ranges. For native listeners, the
results showed better discrimination of pairs spanning the tone categories than of those within
the tone categories for native listeners; by contrast, for English listeners, the results showed no
such pattern. Additionally, Sun and Huang (2012) found that native listeners perceived contour-
level tone pairs (high-falling tone vs. high-level tone) more categorically than level-level tone
(high-level vs. mid-level). This is likely the cause of the discrepancy between the results of
Abramson’s (1979) and the original conclusion that tones were not perceived categorically, since
the author only tested a continuum of level tones, which have been shown to be perceived less
categorically. From this, we can conclude that contour-level tones are perceived semi-
categorically.

Additionally, several other studies have also found that speakers of lexical tone languages
such as Mandarin, Taiwan Mandarin, Cantonese, Thai, and Vietnamese show stronger
categorization of tones (including tones of tone languages not spoken by the participants) than
speakers of non-tone languages such as Japanese, English, and French (Chan, Chuang, & Wang,
1975; Chang et al., 2008; Hall¢ et al., 2004; Huang & Johnson, 2010; Stagray & Downs, 1993;

Sun & Huang, 2012). For example, it has been shown that Chinese listeners perform worse than
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English listeners when discriminating frequency changes in a level tone (Stagray & Downs,
1993). Stagray and Downs (1993) had participants make same-different judgments on level tones
of varying frequency. The results showed that English listeners were much more sensitive to
small frequency changes than Chinese listeners, who needed larger differences to register that the
two tokens were different. The authors argue that this effect comes from Chinese listeners
perceiving pitch changes between linguistic categories.” The native listeners thus did not register
the small changes. Since naive English listeners did not have these linguistic categories, they
were able to perceive more fined-grained pitch differences. The studies discussed in this section
found that non-tone language listeners respond to tones in a more psychophysical way than
native tone-language listeners, showing no categorical perception of the tones regardless of the
tone pairs used, including perception of the Mandarin tone pairs of Tone 1 — Tone 2, Tone 2 —
Tone 4, and Tone 4 — Tone 3 (Chang et al., 2008; Hall¢ et al., 2004; Sun & Huang, 2012; Xu,
Gandour, & Francis, 2006).

The results discussed above clearly show that native Chinese listeners show semi-
categorical perception of lexical tones in contour-level pairs. However, tonal information is only
part of the information in the acoustic signal, and never arrives in natural speech without
segmental information. When comparing how tones are used in relation to segments, a clear
pattern emerges. Taft and Chen (1992) investigated native Chinese and Cantonese listeners’
accuracy and speed at judging whether two written words were homophonous in Chinese or
Cantonese, respectively. The results showed that both groups were significantly less accurate and
slower to say ‘no’ when the words differed only in tone as opposed to when they differed in a

vowel. Likewise, Ye and Connine (1999) showed that native Chinese listeners were slower and

> Though it is also possible that this is a result of using level-tone continua, which have been
shown to be perceived less categorically by native listeners (Sun & Huang, 2012).
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less accurate when monitoring speech for a tone than when monitoring speech for a segment.
These results were interpreted as indicating that tonal information is inferior (i.e., less reliable)
and more error prone than segments.

Similarly, in an AX discrimination task, the authors found that listeners responded more
slowly and made more errors when the two words heard contained a different tone (ma3 — ma?2)
than when the contrast was in segments (e.g., ma3 — na3). Based on these results, the authors
suggest that “the kind of perceptual decision involved in tone processing, even in its simplest
form, requires a certain accumulation of evidence and may be more difficult than perceptual
decisions about vowels” (Cutler & Chen, 1997, p. 177). The authors cite results from work
conducted by Ritsma, Cardozo, Domburg, and Neelen (1965), who showed a direct positive
relationship between the length of a complex tone stimulus and improvement in the accuracy of
matching pitches. Cutler and Chen (1997) also mention the results of Robinson and Patterson
(1995), who found that monophthong vowel identity is identified with less information than the
note (i.e., the pitch value on a musical scale) of a vowel. They performed a gating study by
increasing the number of cycles of the periodic waveform of the vowel and had participants
report either the vowel identity or vowel note. The results showed that the vowel identity could
be identified with much less information (duration) than the vowel note.

Taken together, these studies show that native Chinese listeners’ perception of tones is
semi-categorical in a similar way that vowels are perceived semi-categorically. Additionally,
native Chinese listeners show a more categorical perception of tones than non-tone-language
listeners, including English listeners. Furthermore, tones appear to be disadvantaged compared to
segments, with tonal identification showing more errors and longer response times than

segmental identification.
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2.1.1. SECOND LANGUAGE LEARNERS OF CHINESE
From the studies in the previous section, it can be concluded that naive non-tone-language
listeners (e.g., Japanese, English, French) do not categorize tones as native listeners of tone
languages do. In each case, the authors argued that tone-language listeners’ categorization ability
stems from their experience with the tone language; since naive listeners do not have this
experience, they would not have formed the appropriate tonal categories, thus relying on
psychophysical aspects of the tones such as slight changes in pitch to perceive them. One
question that arises from this research is whether prolonged exposure to a tone language, such as
Chinese in an L2 setting, can improve non-native listeners’ categorization of lexical tones.
Studies that have sought to train English listeners on the categorization of tones suggest
that L1-English L2-Chinese listeners can improve their categorization of tones via multi-talker
perceptual training. Wang et al. (1999) conducted a perceptual training study using the tones of
Mandarin Chinese. They utilized the so-called high phonetic-variability training (Bradlow,
Akahane-Yamada, Pisoni, & Tohkura, 1999; Bradlow, Pisoni, Akahane-Yamada, & Tohkura,
1997; Lively, Logan, & Pisoni, 1993; Lively, Pisoni, Yamada, Tohkura, & Yamada, 1994;
Logan, Lively, & Pisoni, 1991) to train English listeners with some experience with Chinese
(approx. 7 months) to enhance their identification of tones. High phonetic-variability training
involves training participants on the relevant sounds spoken by multiple talkers and in different
phonetic contexts. In the segmental domain, this type of training has been shown to enhance the
perception of sound contrasts not present in the L1: For example, if the target sounds were the
/r/-/1/ contrast, this would mean training participants on /r/ and /l/ tokens spoken by multiple
talkers in word-initial and word-final positions and in onset and coda clusters (e.g., Logan et al.,

1991). This high phonetic variability has been shown to increase training effects as compared to
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training materials from the same talker or from a limited number of phonetic contexts (Bradlow
et al., 1999; Bradlow et al., 1997; Lively et al., 1993; Lively et al., 1994; Logan et al., 1991).

Using a similar method, Wang et al. (1999) trained participants on the tones of Chinese
spoken by multiple talkers in multiple phonetic contexts. Instead of varying the place in the
syllable where the sound appears (which is not possible for tonal information, since it spans the
whole syllable), the contexts were varied syllable types such as V, CV, CVN (CV + Nasal), and
so forth. In the training session, participants were trained on tone pairs in blocks. Each trial
would take the form of the participant hearing one item in the pair and making a forced-choice
identification between the two tones in that block, with feedback provided on every trial. To
measure the effectiveness of the training, this study used pre- and post-tests as well as a long-
term retention post-test. The pre-, post-, and retention-tests all took the form of 100 randomized
stimuli, and participants identified the tone of the stimuli from the four tones of Chinese. No
feedback was given in these tests. This study also included a control group, who received no
training.

The results showed that the trained group improved from 66% accuracy to almost 90%
accuracy between pre- and post-tests, whereas the control group improved insignificantly from
57% to 63%. These results show that while English listeners begin with little to categorize the
tones of Chinese ,with exposure and targeted training, they can learn to identify the tone
categories to a relatively high degree, although arguably not to a native-level, in the post-test
results.

The enhancing effect of tone training can be seen even at the cortical level. Using the
training procedure of Wang et al. (1999), Wang et al. (2003) conducted pre-and post-tests using

fMRI to investigate if the areas of the brain used to process tones changed with tone training.
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The results showed that as participants progressed over eight training sessions, they showed an
increase in left hemisphere activity and in activity area (size of the area in the brain where
activation was seen) in language related regions, making them more similar to native Chinese
listeners in the distribution and amount of activation.

Taken together, these studies have shown that high phonetic-variability training can
improve how English listeners categorize the tones of Chinese. However, from these training
studies, it remains unclear whether learners are tuning in to the same acoustic cues that native
listeners use to categorize the tones: While English listeners’ categorization of the tones
improves, they may still differ from native listeners in the cues they rely on to categorize the

tones.

2.1.2. CUES USED TO IDENTIFY TONES: NATIVE VS. NAIVE LISTENERS
Previous research has shown that naive listeners do not rely on the same cues as native listeners
when perceiving Chinese tones. More specifically, both behavioral and neural imaging studies
have shown that native Chinese listeners are more sensitive to pitch direction, whereas native
English listeners are more sensitive to pitch height when discriminating tones (Gandour, 1983;
Gandour & Harshman, 1978; Kaan et al., 2007; Qin & Jongman, 2016; Xu et al., 2006).
Gandour and Harshman (1978) began their work by investigating what cues to tonal
identity native Thai, Yoruba, and English listeners rely on to tell tones apart. Both Thai and
Yoruba have lexical tones (Thai has level and contour tones; Yoruba has only level tones),
whereas English does not. These languages thus gave the authors the ability not only to compare
listeners who speak two different tone systems (Thai and Yoruba), but also to compare them to

the listeners who do not speak a tone language (English). Participants heard pairs of pitch
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contours superimposed on synthetic speech and rated the dissimilarity of the pitch contours on an
11-point scale from “no difference ” to “extreme difference ”. A total of 13 tonal contours were
included. Pairs of tones that differed in pitch height and/or pitch contour were selected. The
stimuli included three level tones (using a 5-point scale, from 5 ‘highest pitch’ to 1 ‘lowest
pitch’: 11, 33, 55), five falling tones (53, 31, 53-short, 31-short), and five rising tones (35, 13,

15, 35-short, 13-short).® The pairings included pairs with differing heights but the same slope
(e.g. 53-short-31-short), as well as pairs with the same height but differing slope (e.g., 51-53).
These pairings allowed the authors to investigate how onset vs. offset pitch differences in the
tones influenced dissimilarity ratings, since several different tones began at the same pitch height
but ended differently (e.g., 11-13), while others began differently but ended at the same pitch
height (e.g., 53-33).

Using the participants’ dissimilarity ratings and a multidimensional scaling procedure,
Gandour and Harshman (1978) were able to determine the optimal set of cues that were shown to
predict the rating scores for each group. The results showed that, overall, five dimensions best
predicted the ratings: average pitch, direction (rising-level-falling), length (short-regular),
extreme endpoint (where the endpoints of the tone were), and slope (whether the tone was a level
tone or a contour tone). Average pitch was the most important dimension for all three groups.
However, the English listeners relied on this dimension more than did either tone-language
group. For direction, the results showed the opposite effect, with the tone-language listeners
tested (Thai and Yoruba) weighting direction very high, and English listeners weighting it lower,
with no differences between the tone-language listeners. Similarly, the dimension of slope was

weighted more highly by the tone-language listeners than by the English listeners.

6 All tones were long unless indicated to be short. The authors do not give any details on why this distinction was
added.

17



These results were later replicated with a different multi-dimensional scaling procedure
testing Cantonese, Mandarin, Taiwan Mandarin, Thai, and English listeners (Gandour, 1983).
This study also showed that English listeners were more sensitive to pitch height than to pitch
direction, and that they weighed pitch height more highly than any of the tone language listeners
tested. These results can be attributed to the relevance of that cue in English: Pitch height
distinctions are relevant to suprasegmental characteristics of English like lexical stress, with
higher pitch indexing a stressed syllable (e.g., Beckman, 1986; Lieberman, 1960). This
usefulness of recognizing pitch height in English is a likely cause of English listeners’
heightened sensitivity to pitch height in lexical tones (e.g., Qin & Jongman, 2016).

More recent work with neural imaging has confirmed the results of Gandour and
Harshman (1978) and Gandour (1983) by showing that English listeners are more sensitive to
differences in tone-onset pitch height than native listeners, again showing a pitch height
advantage for L1-English listeners. Kaan et al. (2007) used event-related potentials (ERP),
specifically the mismatch negativity (MMN) response, to investigate how the L1 influences the
discrimination of pitch contours. The MMN response is a negative deflection in the EEG
waveform in response to a deviant stimulus. The authors tested native Thai-, Chinese-, and
English-speaking subjects on their discrimination of Thai tones. The authors used the oddball
paradigm — a task in which tokens are chosen to serve as either standards or deviants; a standard
is repeated many times, and then a deviant is presented once, which is then followed by many
standards and then another deviant and so on. It is this many-to-one ratio that elicits an MMN
response to the deviant stimulus, but only if the deviant is actually perceived as different from
the standard. If the deviant is not distinguished from the standard, no such response will be

elicited.
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In this task, the authors compared the Thai mid-level tone, high-rising tone, and low-
falling tone. The stimuli consisted of naturally produced tokens of the Thai syllable [kha:] with
all three tones by a single female native speaker of Thai.” The mid-level tone served as the
standard, and the high-rising and low-falling tones served as deviants. It was expected that the
larger the perceived difference between the tones, the larger the MMN response would be. Thai
listeners were predicted to show MMN responses for both tone pairings since they are lexically
distinctive in the L1. By contrast, Chinese and English listeners were predicted to show MMN
responses only if they could discriminate the tones in pre-attentive processing, and if they did
show the MMN response, that response were predicted to be smaller than the response seen by
Thai listeners.

In addition to the ERP recordings, this study included a training component to see if
training enhanced identification of tones differently for the two non-Thai groups. Participants
first came in for an ERP recording session before any training had taken place. After the initial
recording, the Chinese- and English-speaking participants returned twice for two days of
training. Participants were trained on the low-falling tone to mid-level tone contrast only, which
allowed the authors to test the effects of training carry-over on the high-rising to mid-level tone
pair. They did not hear any tokens of the high-rising tone in the training phase.

In the introduction phase of the training, the participants heard mid-level and low-falling
trials on every other trial and were instructed to press one button on even trials and another on
odd trials. In this way, participants could implicitly learn to associate one tone with one button
without explicit instruction. The participants were instructed to press the button that was
associated with each tone as they heard it and to try to pay attention to the differences between

the two tones. In the second phase of training, the low-falling and mid-level tones were not

7 It is unclear from the paper if multiple tokens of each tone were used or if a single token of each tone was used.
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presented in an every-other order and were instead randomized. The participants were instructed
to press the button that matched each tone on each trial.® After the two days of training
(approximately 30 minutes each day), the participants returned and completed a second ERP
recording identical to the pre-test recording.

The results of the first ERP recording revealed that the Chinese listeners showed no
MMN response to the high-rising deviant tone, whereas the English listeners showed a small
MMN effect to the high-rising deviant tone, equal to that of the native Thai listeners. All groups
showed an MMN effect for the low-falling tone, and the groups did not differ in the magnitude
of the MMN effect. This difference in response (no/small MMN vs. MMN) between the high-
rising and low-falling tones is explained by the physical differences between the onsets of the
tones compared to that of the standard tone: The mid-level standard is more similar in onset pitch
to the high-rising tone than to the low-falling tone. This causes a small MMN effect between the
mid-level and high-rising tones, which are nearly identical at their onsets, and a larger effect
between the more distinct mid-level and low-falling tones.

Training also had different effects on the Chinese and English groups. Training did not
have an effect on the low-falling tone (the tone in the training) for either group. This is likely a
ceiling effect, since discrimination of the mid-level and low-falling tones was already very high
to begin with due to their different starting points. Although training did not seem to affect the
tone pair that was trained, there were differences before and after training on the untrained high-
rising tone to mid-level tone comparison. As a reminder, the high-rising deviant tone and the
mid-level standard tone were similar in their initial pitch heights and differed from each other
beginning with the second half of the tone. In the post-training ERP recordings, the English

group showed an increased MMN response to the deviant high-rising tone compared to before

¥ The original paper does not mention whether or not feedback was given in this training phase.
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training. The authors attribute this effect to English listeners’ greater ability to tap into average
pitch differences (Gandour & Harshman, 1978), in that they were able to tap into the small pitch
difference in the early portion of the tones between the high-rising and mid-level tones, thus
resulting in a larger MMN than for Chinese listeners. Chinese listeners were not as sensitive to
these early pitch height differences, and so no improvement was seen for native Chinese listeners
This English listeners’ advantage for using pitch height, potentially due to the use of
pitch height as a cue to lexical stress, could have interesting implications for English-speaking
L2 learners of Chinese. As the speech signal unfolds over time, the majority of Chinese tone
pairs differ in early pitch height before they differ in pitch contour. In other words, of the six
possible tone pairings, four begin with pitch values that differ drastically (Tone 1 — Tone 2, Tone
1 — Tone 3, Tone 2 — Tone 4, and Tone 3 — Tone 4). If English-speaking L2 learners of Chinese
can make use of this early pitch information, they may use this information to help identify of the

tones.

2.1.3. THE PRESENT STUDIES

The following two chapters aim to investigate the categorization of segments and tones for both
native Chinese listeners and English-speaking L2 learners of Chinese. Given the research
reviewed in this chapter, for tones that begin with different pitch heights, it is possible that the
L1-English L2-Chinese learners will have an early advantage in categorizing tones compared to
native listeners, since they have a heightened sensitivity to pitch height. In order to investigate
this effect, a forced-choice gating task was used (Experiment 1), where participants heard
increasingly longer fragments of words and were presented with two options, either two tones or

two rimes. Gating allows for a time course investigation of the categorization of tones and
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segments. By choosing tonal pairs (the options presented for selection) that have drastically
different onsets and investigating categorization of increasingly longer fragments, it is possible
to see if learners have higher tonal identification accuracy compared to native listeners in the
early portions of the tone. This early portion of the tone is where the tones differ the most in
pitch height; as such, it provides an ideal test of whether or not English-speaking L2 learners of
Chinese can utilize this pitch height sensitivity to identify the tones. Alternatively, given that
English does not have lexical tones, L1-English L2-Chinese learners may have difficulty
identifying tones even in the presence of an early pitch height difference, and as a result, they
may be less accurate than native listeners at identifying the tones.

Segmental items that contrasted in the rime portion of the syllable were also included in
the forced-choice gating task to investigate once again if tonal information is disadvantaged
compared to segmental information when it comes to categorization. The use of gating to
compare tones and segments gives the ability to investigate if tones are disadvantaged, and if so,
how this disadvantage plays out over time. Questions of whether tones begin disadvantaged from
the onset, and if so, whether this disadvantage disappears or grows over time can be answered
only with a time-course measure. Therefore, this study will add to the literature comparing tones
and segments with more detailed information; specifically, it will provide a time course of the
categorization of segmental and tonal information, and consequently, how the comparison
between the two types of categorization changes as the signal unfolds.

Before the time course of tonal and segmental categorization can be investigated,
however, an additional concern needs to be addressed. At the level of psycho-acoustic
perception, it is possible that tonal contrasts need a greater duration of acoustic input than

segmental contrasts to disambiguate. Rime contrasts are signaled by a host of acoustic cues, such
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as F1, F2, F3, coarticulatory information from the surrounding segments, and many more. By
contrast, tones are signaled by F0, and in some cases durational cues will aid in tone
identification. Additionally, contour tones are defined as pitch change over time, and therefore
cannot be identified with a single pitch point, whereas vowel quality can be identified by F1, F2,
F3 etc. at one point in time. Thus, rime contrasts are signaled by many more cues than tone
contrasts; this may have an effect on how much acoustic input (duration of input) is needed to
distinguish tonal contrasts and segmental contrasts at a low, psycho-acoustic level. As Cutler and
Chen (1997) suggested, tones may simply need more time to accumulate the relevant information
before any kind of tonal judgment can be made. If tones need a greater duration of acoustic input
to be perceived at a low level, this could have an effect on how tones and segments are
categorized, with tones showing later and possibly less stable categorization due to the need for
the relevant information to accumulate at a psycho-acoustic level.

To control for this possible difference between tones and segments, a norming study was
first conducted to select tonal and segmental stimulus pairs that disambiguate psycho-
acoustically with the same duration of acoustic input; the selected stimulus pairs were then used
in the forced-choice gated category-identification task. We thus turn to this norming study

before we present the forced-choice gated category-identification task.
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CHAPTER 3: THE TIME COURSE OF DISCRIMINATION OF TONES AND
SEGMENTS: A NORMING STUDY

3.1. INTRODUCTION

This chapter reports on a norming study, a gated AX discrimination task, which was used to
select pairs that are optimally matched across conditions and groups for the duration of acoustic
input needed to discriminate the pairs at a psycho-acoustic level for use in a gated category-
identification task. The classic gating paradigm is a task where listeners hear increasingly longer
fragments of words and decide what word they think they heard and how confident they are in
their response. In addition to the participants’ word identification and confidence ratings, this
task gives an isolation point, or the point at which a participant selects the intended word and no
longer changes their response. This isolation point is the point at which the word is considered to
be recognized. This task has been used to study Chinese tones (e.g., Lai & Zhang, 2008).

Since the goal of this norming study was to find tonal and segmental pairs that would be
matched in the duration of acoustic input needed to discriminate the pairs, the classic gating
paradigm where participants respond with whole words was not used (i.e., a gating task that
requires participants to respond with whole words would not tap into psycho-acoustic
perception). Instead, a gated AX discrimination task was used. A gated AX discrimination task is
a task in which stimuli consisting of increasingly longer word-pair fragments are compared.
Participants hear fragments (of equal length) of two words and decide if the two fragments are
the same or different. Because participants heard fragments rather than complete words, and
because their task was to discriminate between the fragments rather than identify them, this gated
AX discrimination experiment has the ability to by-pass lexical access (unlike a classic gating

task), and is able to target discrimination at a low, psycho-acoustic level. The current task used a

24



short ISI of 250 ms; thus, in addition to targeting psycho-acoustic perception, the current task

also by-passed effects of L1-specific phonetic categories (Pisoni, 1973; Werker & Logan, 1985).

3.1. METHODS

3.1.1. PARTICIPANTS

A total of 20 native Chinese listeners (14 female; mean age: 24.9; standard deviation (SD) 4.13)
and 25 native English listeners (17 female; mean age 22.6; SD: 3.71) participated in this study.
All Chinese listeners considered Standard Mandarin Chinese to be their native dialect and
reported that their parents spoke Standard Mandarin Chinese or Taiwanese natively, with at least
one parent speaking Standard Mandarin Chinese natively for each participant. All English
listeners considered English to be their native language and reported that their parents spoke
English, Spanish, French, Armenian, or Greek natively, with at least one parent speaking English

natively for each participant.

3.1.2. MATERIALS AND DESIGN

The experiment included two conditions: a tonal condition and a segmental condition. The tonal
condition included all of the possible tone pairs in Chinese with the exception of Tone 2 — Tone

3 (Tone 1 — Tone 2, Tone 1 — Tone 3, Tone 4 — Tone 2, Tone 4 — Tone 3, and Tone 1 — Tone 4).
These pairs have been shown to be maximally distinct both as a whole (e.g., Gottfried & Suiter,
1997; Lee, Tao, & Bond, 2008; Wang et al., 1999) and at early time points (with the exception of
T1-T4, which disambiguates late; Lai & Zhang, 2008). The pair of Tone 2 — Tone 3 was not
included in this experiment since L2-Chinese learners, and even native speakers, classically have

difficulty perceiving this tonal contrast (e.g., Gottfried & Suiter, 1997; Lee et al., 2008; Wang et
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al., 1999), thus, differences between Tone 2 and Tone 3 would likely not yield any useful data.
T1 — T4 was included as a comparison case, since the tones do clearly disambiguate around
halfway through the tones.

Four different monosyllabic word pairs were selected for each of the five tone pair types,
creating five tonal sets and yielding a total of 20 word pairs in the tonal condition. All words
began with voiceless initial consonants to control the timing of the tonal information; words that
began with a voiced or sonorant consonant were not used as these onsets could possibly carry
tonal information. Thus, the onset of tonal information could in theory be identified as early as
the onset of the vocalic portion of the syllable. The words within a given tonal pair were identical
segmentally (e.g., ba [pal] ‘scar’ — ba [pa2] ‘target’). The syllables with the tones were produced
naturally and only the duration and intensity of the syllables were manipulated (discussion to
follow). All words from the tonal condition can be found in Appendix A.

For the segmental condition, a range of words were selected with four hypothesized
timings of disambiguation of the segments, ranging from early disambiguation in monophthong
vowels (bi [pi]-ba [pa]) to late disambiguation in the change of a vowel to a nasal coda (sao
[sav] — sang [san]), as illustrated in Table 1. A range of hypothesized disambiguation points was
desired for multiple reasons. First, having a range in the syllable types allows for the best overall
comparison of tones to segments, as opposed to limiting the selection to just one syllable type.
Second, the majority of the tonal pairs were expected to disambiguate at around the same time
point, since they all began with different tone onsets. If differences in discrimination timing
between tones and segments were found, a range of syllable types would be needed to best match

the tonal timing to a segmental timing to control for the difference.
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In the segmental condition, only the segments differed between the pairs. In the bi [pi4]
‘to close’ — ba [pa4d] ‘father’ example pair, the disambiguating segmental information is the
difference in the monophthong vowel. In this way, the disambiguating information arrives during
the last portion of the consonant (via co-articulatory cues) or soon after the end of the consonant.
Slightly later in timing would be the disambiguation of pairs such as tdo [t"av2] ‘to lift’ — tdi
[t"ai2] ‘to escape,” which have an allophonic difference in the vowel, as seen in the phonetic
transcriptions in Table 1. Even later in timing would be the disambiguation of pairs such as fido
[thiav1] ‘carry on a pole’ — tie [thie]] ‘to paste,” which also differ in the vowel, but only after an
onglide. Finally, the latest pairs to disambiguate are pairs whose only difference lies in the
offglide/coda (with possible co-articulatory effect on the final portion of the vowel) such as sdo
[sav3] ‘to sweep’ — sdng [san3] ‘to push back’. This is the latest possible place where segmental
information could disambiguate between the two words.

The segmental condition included four word pairs in each of these four timing categories,
creating four segmental sets, which yielded a total of 16 word pairs in the segmental condition.
Only pairs where a sound had been changed, not added, were included in the present study in
order to minimize durational differences between the two words of a pair in the natural
production of the segmental contrasts (i.e., these durational differences would make duration
normalization more difficult). The words within a pair were identical tonally. The segmental
contrasts in each pair also existed in English. Such contrasts were selected in anticipation that the
segmental condition in the forced-choice gated category-identification task (in Chapter 4) would
be the condition where English L2 learners of Chinese are expected to pattern similarly to native

Chinese listeners. All words from the segmental condition can also be found in Appendix A.’

? The tones were not specifically balanced for the segmental condition, since the crucial aspect was simply that the
tones on the word pairs were the same tone in the segmental condition. That being said, the materials include four
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Table 1: Example segmental contrasts

Discrimination

Expected Early € > Late

Name Vowel Allophonic Post Onglide Nasal Coda
Vowel

IPA pi4 — pa4 thai2 — thav?2 thiav] — sav3 —san3

thiel

The 36 word pairs were recorded by a male native speaker of Mandarin Chinese in the
Anechoic Chamber of the University of Kansas with a cardioid microphone (Electrovoice, model
N/D767a) and a digital solid-state recorder (Marantz, model PMD671) at a sampling rate of
22,050 Hz. All words were recorded at three speeds: slow, normal, and fast. The token that was
closest to the average duration from all the normal-speed tokens (i.e., 524 ms) was selected and
normalized for duration. For example, if, for a given word pair, the slowly produced token was
550 ms, the normally produced token 400 ms, and the rapidly produced token 375 ms, the slowly
produced token was selected and manipulated. As a result, the tokens were manipulated as little
as possible from a natural production, but all had the same duration so as to remove duration as a
cue to tone identity. The word-initial consonant portion of the word was normed to 117 ms, and
the rime portions were normed to 407 ms, as found from the average durations from the normal-
speed productions.'® Additionally, by norming the durations of all the word-initial consonant
portions, it was possible to control the timing of the arrival of the tonal information as precisely

as possible, with the onset of voicing in the rime being the same across all tokens. See Appendix

Tone 1 pairs, four Tone 2 pairs, three Tone 3 pairs and 5 Tone 4 pairs. Given that the tones are nearly balanced with
the exception of one pair being swapped between Tone 3 and Tone 4, it is not believed that this will have an impact
on the experiment.

' This means that fricatives, affricates and stops were normed to 117ms. For affricates and fricatives, the durations
were simply extended or shortened to fit this timing. Since this was not possible for stops, a period of silence was
added before the stop release. This was done so as to make sure that in all token, Gatel was 117 and vowel/tone
information arrived at the same time. Appendix A includes a follow-up analysis looking at whether the results of the
norming study differed by this stop/non-stop contrast when possible.
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B for acoustic measurements of the stimuli used including pitch contours for the tonal items and
F1, F2, center of gravity measures for the segmental items.

After duration was normalized, the word-initial consonant and the first half of the rime
portion of each word were divided into twelve gates; thus, participants never heard the complete
word, and as such lexical effects on the results are not expected. The first gate was the initial
consonant (117 ms). All eleven subsequent gates in the rime included 18 ms more information

than the previous gate. All items were also normalized for intensity.

3.1.3. PROCEDURES

Participants were seated at a computer with headphones in a quiet room. They read the
instructions and began the task. In each trial, participants heard two fragments and were asked to
decide if these fragments were the same of different by pressing mouse buttons that
corresponded to the choices. Which button signaled ‘same’ and which button signaled ‘different’
was indicated on the screen at all times; hence, participants could always reference the labels to
ensure that they were responding appropriately. Items with the same gate duration were blocked
together in order from Gate 1 to Gate 12 and were randomized within the blocks. The order of
appearance of items in each pair (i.e., which of the two items was presented first and which was
presented second) was reversed in the next block. For example, if participants heard bd-ba in
Block 1, they would hear ba-ba in Block 2, and so on. Participants were encouraged to respond
as quickly and accurately as possible, though there was no time limit. An ISI of 250 ms was used

in order to target psycho-acoustic perception (Pisoni, 1973; Werker & Logan, 1985).
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Filler trials consisting of an exact repetition of a critical item were added to balance the
number of ‘same’ and ‘different’ trials. Each block consisted of 36 critical trials and 36 filler

trials. Filler trials were randomized with critical trials in each block.

3.1.4. ANALYSIS OF DISCRIMINATION DATA AND RESULTS

Below, we present the results of the trials where the two stimuli in the pair were different.
Each trial yielded one of two potential responses: same or different. Every ‘same’ response
was coded as 0, whereas every ‘different’ response was coded as 1. The mean ‘different’
responses at each gate are presented for native listeners in Figure 2 and for English listeners

in Figure 3.
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Figure 2: Native Chinese listeners’ proportion of different responses over time for the segmental
condition (left panel) and tonal condition (right panel). The gate number is presented on the x-
axis and the proportion different responses are presented on the y-axis. The shaded regions
represent +1 standard error of the mean.
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Figure 3: Native English listeners’ proportion of different responses over time for the segmental
condition (left panel) and tonal condition (right panel). The gate number is presented on the x-
axis and the proportion different responses are presented on the y-axis. The shaded regions
represent +1 standard error of the mean.
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A visual inspection of the graphs shows that the hypothesized disambiguation differences
between the sets appear to have an effect on discrimination timing. This is especially clear in the
gradient effect seen with the segmental sets and the gradient change in improvement rates
(i.e., the amount of accuracy improvement from one adjacent gate to the next). Both the vowel
and allophonic onglide sets begin with discrimination scores above zero, indicating that
participants were able to tap into co-articulatory information in the consonant to disambiguate
them in the very first gate where no vowel information was present. Next, the post onglide set
has responses above 50% at about Gate 4, with the latest segmental set having responses above
50% at about Gate 7. This progression is expected, as the sets were selected so as to have a range
in discrimination timings in this order. For the tonal condition, we see that the early
disambiguating tonal pairs (Tone 1 — Tone 2, Tone 1 — Tone 3, Tone 2 — Tone 4, and Tone 3 —
Tone 4) pattern together, as predicted. These sets show responses above 50% by about Gate 3 for
both groups. The late tonal set of Tone 1 and Tone 4, on the other hand, shows responses above
50% considerably later, by about Gate 10, as predicted.

Based on the visual inspection of the graphs, in order to control for discrimination
between tones and segments and for both groups, it would be best to use the early
disambiguating tonal pairs (Tone 1 — Tone 2, Tone 1 — Tone 3, Tone 2 — Tone 4, and Tone 3 —
Tone 4) and the post onglide segmental pair, given the similar shapes of the response curves and
discrimination timings across groups and conditions. In order to see the degree of fit between the
selected tonal sets and the optimally match segmental timing, these selected sets were graphed
together. Figure 4 shows the average across all of the early tonal sets and the post onglide
segmental timing by group. As can be seen, the response curves are extremely similar across

conditions for both groups. This pairing of tonal and segmental sets therefore appears to provide
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the optimal control of discrimination timing and response improvement rates between the tonal
and segmental conditions. Statistical analyses could not be conducted to confirm this since the
two conditions had unequal numbers of items (16 tonal items but only 4 segmental items). While
these matching are not perfect, given the differences between the conditions, particularly around

the 50% mark, they are as close as is possible

1.00

0.75

0.50 -

Proportion Different Response

0.25

0.00

3 6 9 12
Gate

CondbyGroup = Segmental Chinese== : Segmental English====Tonal Chinese == * Tonal English

Figure 4: Averages of selected tonal and segmental sets by group and condition. The gate
number is presented on the x-axis and the proportion different responses are presented on the y-
axis. The shaded regions represent =1 standard error of the mean. The segmental condition
includes only the post-onglide set. The tonal condition includes the tone pairs Tone 1 — Tone 2,
Tone 1 — Tone 3, Tone 4 — Tone 2 and Tone 4 — Tone 3.
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3.1.5. DISCUSSION

The results of the norming study show that the segmental and tonal pairs compared in the gated
AX discrimination task differ in the timing of correct responses, such that for pairs that would be
expected to disambiguate later, listeners needed to hear more of the pairs to tell them apart
(based on a visual inspection of the graphs). This was seen in the progression of segmental
responses, with vowel and allophonic pairs starting with responses above 50%, then the post-
onglide pairs, and then finally the nasal coda pairs. In terms of tones, it was shown that all pairs
that disambiguate at the beginning of the tone disambiguate with the same duration of acoustic
input. For the late tonal pair (i.e., Tone 1 and Tone 4), participants needed to hear more of the
pair in order to tell them apart (again based solely on a visual inspection of the graphs), due to
their similar onsets.

In order to ensure that the pairs selected for the gated forced-choice category-
identification task (in Chapter 4) were controlled as closely as possible for low-level psycho-
acoustic discrimination between tones and segments for both groups, optimally matched sets
were chosen. The results showed that all the early disambiguating tonal pairs (Tone 1 — Tone 2,
Tone 1 — Tone 3, Tone 2 — Tone 4, and Tone 3 — Tone 4) best matched the post-onglide
segmental timing in terms of when responses rose above 50% accuracy. This was true for both
native Chinese listeners as well as naive English listeners. Therefore, in order to ensure the
psychoacoustic discrimination timing was matched across conditions for both groups, the stimuli
in the category-identification task included pairs of words from the early tonal pairs (Tone 1 —
Tone 2, Tone 1 — Tone 3, Tone 2 — Tone 3, and Tone 3 — Tone 4) and from the post-onglide

segmental pairs.
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CHAPTER 4: THE TIME COURSE OF CATEGORIZATION OF TONES AND
SEGMENTS: EXPERIMENT 1

4.1. INTRODUCTION

This chapter reports on a forced-choice gating category-identification task designed to tap into
listeners’ identification of categories from fragments taken from syllables that differ only in
tones or only in segments. The aim of this study was to investigate the time course of category
identification for native Chinese listeners and English-speaking L2 learners of Chinese. By
looking at the time course of categorization of tones that disambiguate at their onsets, it will be
possible to reveal whether English listeners have an early pitch height advantage over Chinese
listeners. The work that has shown that English listeners have superior sensitivity to pitch height
when perceiving tones was strictly with naive listeners (Gandour, 1983; Gandour & Harshman,
1978; Kaan et al., 2007; Qin & Jongman, 2016; Xu et al., 2006). To my knowledge, no study has
directly investigated if this pitch height sensitivity extends to L2 categorization of the tones of
Chinese. To investigate this, a time-course study is needed to see if L2 listeners have an
advantage in identifying the tones of Chinese when pitch height is the primary cue to tonal
identity.

Additionally, this task will once again investigate if tones are disadvantaged compared to
segments, but will do so with a time course measure to gain a better understanding of this
disadvantage. It is possible that tones are consistently disadvantaged compared to segments, or
that tones and segments begin with similar categorization abilities, and then this tonal
disadvantage appears as the words progress. Given that tonal identity relies on a single primary
cue (i.e. pitch) and vowel identity (crucial to rime identity) relies on many cues (i.e., F1, F2, and
F3), it is possible that, with increasing duration of acoustic information, segmental contrasts have

more cues, causing the segmental advantage to appear later in the word. A time course analysis
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comparing tonal and segmental contrasts would then clarify the underlying cause of a tonal
disadvantage, if found.

To achieve these goals, a forced-choice gating task was conducted to compare tonal and
segmental contrasts for both L1 and L2 Chinese listeners. Participants heard fragments of
Chinese words and identified either the tone or the rime of the presented fragment. The stimulus
pairs presented were selected so as to match the discrimination timing between the tonal and
segmental conditions, as determined from the norming study (Chapter 3). This ensured that the
results of the forced-choice gating category-identification task would reflect differences due to
category identification and not differences at the level of psycho-acoustic perception. This
control removes a source of timing variation not due to categorization, which allows for a more

careful investigation of the time course of tonal and segmental categorization.

4.1. METHODS

4.1.1. PARTICIPANTS

A total of 24 native Chinese listeners (14 female; mean age: 25.2; standard deviation (SD) 3.5)
were recruited from Beijing University, China and the surrounding area. Additionally, a total of
22 native English listeners (17 female; mean age 22.6; SD: 3.71) with advanced levels of L2
Chinese proficiency were recruited from Beijing University, China and the surrounding area
(n=17), the University of Maryland (n=1), and the University Kansas (n=4). All native Chinese
listeners considered Standard Mandarin Chinese to be their native dialect and reported that their

parents spoke Standard Mandarin Chinese natively, except for one participant who had one
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parent speaking Kazakh as their native language.'' All English listeners considered English to be
their native language and reported that their parents spoke English, Tamil, Yoruba, Tagalog,
Sinhalese, Amharic, Danish, or a Chinese dialect natively, with at least one parent speaking
English natively for all but one participant.'? Participants who had a parent speaking a Chinese
dialect or Yoruba reported that these languages were not used in the home in early childhood.

Seven native Chinese participants were excluded from the analyses and thus were not
included in the above report: One for not knowing the numbers corresponding to the tones of
Chinese (necessary for Experiment 1), and six for reporting that they were native speakers of a
dialect other than Mandarin or for having exposure from a parent in early childhood to a dialect
of Chinese other than Mandarin. Four L2 learners of Chinese participants were excluded from
the analyses and thus were not included in the above report: Two for their low proficiency (not
being able to complete all of the tasks) and two for having substantial exposure to a tone
language in early childhood (Taiwan Mandarin and Yoruba').

For L2 learners, Chinese proficiency was established by years of instruction, length of
stay in China, and other factors self-reported in a language background questionnaire, provided
in Appendix E. In addition to filling out a language background questionnaire, all learners
completed a Chinese proficiency test (Qin, Connell, & Tremblay, in prep), which was based on
the design of the English proficiency test LexTALE (Lemhofer & Broersma, 2012). This test is a
lexical decision task with nonce words and real words of varying frequencies. Participants

decided whether or not 120 Chinese disyllabic sequences were real Chinese words. These words

' Given that Kazakh is not a tone language, Mandarin was the only tone language spoken in the home of this
participant. Therefore, this participant was included in the study.

'2 While Yoruba is a tone language, the participant reported that their parents spoke this language and English, and
that English was the primary language in the home during early childhood.

' This refers to a separate participant from that discussed in Footnote 12. This participant was excluded for
reporting that their exposure to Yoruba in early childhood was substantial, and that they still spoke Yoruba on a
regular basis.
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were selected to include 40 ‘difficult’ words (with an average frequency of 0.87 words per
million) as well as 40 relatively ‘easy’ words (with an average frequency of 41.3 words per
million). In addition, 40 nonce words were created by pairing two syllables together in a way that
created nonexistent but semantically plausible words of Chinese. Participants saw each word
written in simplified characters in the middle of the screen and used the left and right arrow keys
marked as ‘word’ and ‘not a word’ to give their response. Participants were instructed to respond
with ‘word’ only if they personally knew it to be a word of Chinese. Correct answers were
balanced between left and right responses. This task was implemented with Psychopy (Peirce,
2007) on a MacBook Pro. The test was scored using a weighted score: Correct responses to
words and non-words received 1 point, incorrect word responses received no point, and there
was a penalty of —1 point for incorrect non-word answers (i.e., saying a non-word is a word).
This penalty attempts to account for learners having a bias to say that items are words. These
scores were then averaged to give a final LexTALE weighted average correct. All words for this
task can be found in Appendix F. Since this task is still being tested for validity, participants also
completed a Chinese cloze test (Yuan, 2009), provided in Appendix F. Measures such as years of
instructions, age of acquisition, age, and months spent in a Chinese speaking country were
established based on a language background survey, provided in Appendix E. A summary of the

participants’ language background information and proficiency results is presented in Table 2.

Table 2: Language background and proficiency information

Years LexTale

hee o Aol Mesin LUl wie oS

Inst. 4 Accuracy ° Y

Mean 23.00 429 17.82 21.66 35.14 62% 70%
SD 3.24 1.87  2.68 26.89 25.80 9% 15%

Note: Years of Inst. = year of instruction; Age of Acq. = age of acquisition
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The native Chinese-speaking participants were paid 150 RMB (approx. $20) for their
participation upon completing all portions of the study. The English-speaking L2 learners of
Chinese were paid 200 RMB (approx. $30) in China or $30 in the US for their participation upon

completing all portions of the study

4.1.2. MATERIALS AND DESIGN

The experiment consisted of two conditions: a tonal condition and a segmental condition. For the
tonal condition, all early tone pairs used in the norming study were included (i.e., Tone 1 — Tone
2, Tone 1 — Tone 3, Tone 4 — Tone 2, and Tone 4 — Tone 3). Four different monosyllabic word
pairs consisting of a target and a tonal competitor were selected for each of the four tonal
comparisons. This yielded 16 critical trials in the tonal condition. All words began with a
voiceless initial consonant to control the timing of the onset of tonal information; words that
begin with a voiced or sonorant consonant were not used as they could possibly carry tonal
information on the consonant portion. The words within a given tonal pair were identical
segmentally and only differed in their tone (e.g., ba [pal] ‘scar’ — bd [pa2] ‘target’). All words
from the tonal condition can be found in Appendix C.

The segmental condition included only word pairs with the post-onglide timing, as
established from the norming study. Sixteen pairs of words, including a target and a segmental
competitor with the post-onglide timing, were selected. All words began with voiceless initial
consonants to control the timing of the onset of tonal information. The words within a pair were
identical tonally and varied only in their segments (e.g., gui [kueil] ‘turtle’ — guo [kuol] ‘pot’).

All words from the segmental condition can be found in Appendix C.
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The same male native speaker of Mandarin Chinese who recorded the stimuli for the
norming study recorded the stimuli for Experiment 1. It was not possible to use the recordings
from the norming study since new words were added to the stimuli list. The post-onglide timing
set from the norming study only included 4 pairs of words. An item count of 16 pairs was
desired, so a substantial set of new pairs needed to be added. Additionally, some words were
changed in anticipation of the eyetracking study, so that all words were imagable. But as stated
above, all newly selected stimulus pairs fit the post-onglide timing, which provides the best
match with the tone pairs, as determined from the norming study. For consistency, all recordings
were done in a single new session. The stimuli were recorded in the Anechoic Chamber of the
University of Kansas with a cardioid microphone (Electrovoice, model N/D767a) and a digital
solid-state recorder (Marantz, model PMD671), using a sampling rate of 22,050 Hz. All words
were normalized for duration and intensity, and were gated following the same method as in the
norming study as described in Section 3.1.2. Acoustic analyses are presented in Appendix D,
which includes pitch contours for tonal items and F1 and F2 over the 12 gates, as well as the

center of gravity, variance, skewness and kurtosis on the initial consonants in the pairs.

4.1.3. PROCEDURES

For each trial, participants were instructed that they would hear a single fragment and see two
options on the screen, either a tone pair presented as numbers (e.g., 1 or 2) or a rime pair present
in Pinyin (e.g., ai or ang). All participants reported being familiar with both Pinyin and the
tone numbers before beginning the task. Their task was to select the option that corresponded to
the auditory stimulus heard. The options were written on the bottom left and right sides of the

screen, and participants used the arrow keys to select either the left or right option. The options
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were presented for 1,000 ms before the stimulus was heard to give participants time to recognize
whether they should respond with a tone or a rime. The task included the stimuli from Gates 2-12
from each word and pair described in Section 3.1.2, with the first block containing all Gate-2
items, the second block containing all Gate-3 items, and so forth. Thus, each block contained all
tonal and all segmental items for that gate. The tonal and segmental stimuli trials were randomly
intermixed. This means that a tonal trial could be followed by a segmental trial or vice versa. The
presented options on the screen indicated to the participants which response they should be
giving.

For example, in the segmental condition, if the target word was bail and the alternative
bangl, the options presented on the screen would be ““ ai” and “ ang,” and the response “_ai”
would be coded as correct. Both items in each pair were included in the task: On another trial,
bangl would be the target word and bai/ the alternative, and the options presented on the screen
would again be “ ai” and “_ang,” but for this trial, selecting “ ang” would be coded as correct.
Likewise, in the tonal condition, if the target word was shu3 with the alternative shu4, the
options presented would be “3” or “4,” and a response of “3” would be coded as a correct
response; on another trial, shu4 would be the heard target word and shu3 the alternative, but for
this trial, selecting “4” would be coded as correct. No filler items were included. Figure 5 below

shows the progression of a single trial.
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Figure 5: Experiment 2 trial procedure

A practice session of 20 items preceded the experiment to ensure that participants
understood the task. All instructions were visually presented in English and simplified Chinese
and were also explained verbally by the main experimenter in the language of preference of the
participant. This task was implemented with PsychoPy (Peirce, 2007) on a MacBook Pro. There
was no time limit to respond, but participants were encouraged to respond with their first
intuition as quickly as possible. An equal number of left and right responses were correct

responses.

4.1.4. DATA ANALYSIS

Each trial yielded one of two potential responses: the target or the alternative. Target

responses were coded as 1 (correct) and alternative responses were coded as 0 (incorrect).
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As a brief introduction, GCA has recently been suggested as an improved method for
analyzing time course data (e.g., Mirman, 2014; Mirman, Dixon, & Magnuson, 2008), and has
been used in several recent eye-tracking studies (e.g., Kukona, Fang, Aicher, Chen, &
Magnuson, 2011; Magnuson, Dixon, Tanenhaus, & Aslin, 2007; Malins & Joanisse, 2010;
Tremblay, Broersma, Coughlin, & Choi, 2016) and analyses of tonal contours (e.g., Li & Chen,
2016; Zhang & Meng, 2016).

To determine whether the numerical trends are statistically reliable, both GCA
(otherwise known as hierarchical regression) (Mirman, 2014) and linear mixed-effects models
(LME) were used. In a GCA model, time-series data are modeled with third-order orthogonal
polynomials, with fixed effects of the chosen conditions and their interaction on all time terms.
Orthogonal polynomials remove the co-linearity between the terms that exists in natural
polynomials. For this reason, the time terms presented here (linear, quadratic, and cubic) can be
interpreted independently of one another. In GCA, the intercept corresponds to the overall
average of the time polynomial, which also corresponds to the mid-point of this polynomial on
the x-axis; as a result, any effect of condition on the intercept is an effect that can be observed
halfway through the x-axis. The linear polynomial models the overall linear trend of the data
over time; thus, an interaction between condition and the linear term indicates that the slopes of
the data in each condition are different. The quadratic and cubic terms model the quadratic and
cubic trends of the data respectively; hence, they show differences in the U- and S-shapes of the
data. Likewise, interactions with condition and the quadratic or cubic time terms would indicate

that the U-shape or S-shape of the curves differed between the conditions (Mirman, 2014).
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4.1.5. RESULTS

Average target responses for each group and condition at each gate are presented in

Table 3 below.

Table 3: Target response averages by group and condition

Gate 2 3 4 5 6 7 8 9 10 11 12
L1 Segmental 0.63 0.65 0.72 0.79 0.86 0.87 091 091 0.95 096 0.96
Tonal 0.55 0.61 0.62 0.64 0.64 0.68 0.71 0.72 0.78 0.82 0.88
) Segmental 0.59 0.64 0.72 0.82 0.86 091 091 093 0.95 094 0.97
Tonal 0.57 0.65 0.67 0.69 0.70 0.69 0.70 0.74 0.79 0.83 0.86

Figure 6 shows gate number on the x-axis and the proportion of target responses on
the y-axis. This figure shows these proportions for each group, with L1 listeners in the left
panel and L2 listeners in the right panel. Solid lines represent the actual data; dashed lines
represent the predicted data based on the growth curve analysis (GCA) of all listeners’
response data (Table 4). The shaded regions represent one standard error above and below
the mean. Figure 7 shows the same results as in Figure 6 but re-plotted by condition for ease

of comparison.
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Figure 6: Actual and predicted proportion correct responses, with actual data in solid lines and
predicted data (from the Growth Curve Analysis presented in Table 4) in dashed lines. L1-
Chinese listeners (left panel) and L2-Chinese listeners’ (right panel) each show segmental
responses in red and tonal responses in black. Gate number is presented on the x-axis and
proportion correct responses are presented on the y-axis. The shaded regions represent +1
standard error of the mean.
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Figure 7: Actual and predicted proportion correct responses with actual data in solid lines and
predicted data (from the Growth Curve Analysis presented in Table 4) in dashed lines. The
segmental condition (left panel) and tonal condition (right panel) each show L1-Chinese
listeners’ responses in red and L2-Chinese listeners’ responses in black. Gate number is
presented on the x-axis and proportion correct responses are presented on the y-axis. The shaded
regions represent £1 standard error of the mean.

A visual inspection of the results in Figure 6 reveals three observations. A first
observation is that as listeners heard more of the stimulus, their ability to identify the tone
and the rime increased. A second observation is the striking difference between the tonal
and segmental items in terms of the proportion target responses in both groups: The rate at
which target responses increase (i.e., the ‘improvement rate,” for convenience) is larger in

the segmental condition than in the tonal condition. Finally, a third observation is that both
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groups in both conditions appear to correctly identify the tone at above-chance levels from
the very first gate (in this case gate 2, since gate 1 was not included due to time constraints),
which includes the consonant and the first 18 ms of the rime.

Figure 7 directly compares L1-Chinese and L2-Chinese listeners on each condition.
As can be seen in Figure 7, the L1- and L2- Chinese listeners are nearly identical in the
segmental condition, as expected. In the tonal condition, we see a slight numerical
advantage for L2-Chinese listeners for the first six gates, which disappears around Gate 7.
Finally, as can be seen in both Figure 6 and Figure 7, the target responses in the tonal
condition never reach as high a proportion as those in the segmental condition, with the
proportion of target responses reaching almost 1 in the segmental condition and just under
.9 in the tonal condition.

The proportions of target responses were analyzed with GCA (Mirman, 2014) using the
Ime4 (Bates, Bolker, & Walker, 2015) and LMERConvenienceFunctions (Tremblay & Ransijn,
2015) packages in R (R Core Team, 2013). The proportions of target responses were modeled
with third-order orthogonal polynomials, with the fixed effects of condition, group, and
condition by group on all time terms. Chinese listeners’ performance on the segmental condition
was the baseline. The model also included random effects of participant on all time terms. The
most complex model was evaluated using the backward fit function bfFixfLMER_F.fnc of the
LMERConvenienceFunctions package (Tremblay & Ransijn, 2015) using log-likelihood ratio
tests to determine whether removing any effect from the model adversely affected the ability of
the model to predict the data. The results of the simplest model with the best fit are presented in

Table 4 below, with p values being calculated using the /merTest package (Kuznetsova,
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Brockhoff, & Christensen, 2016). The model with the best fit included the effect of condition as

well as the interactions between condition and the linear and quadratic terms.

Table 4: Results of GCA on native and learner target responses GCA

Std.

Estimate  Error t value P(>F)
Intercept 0.83 0.01 76.60 <.001
Linear 039  0.02 24.52 <.001
Quadratic —0.12 0.01 —8.44 <.001
Condition —0.13 0.01 —24.53 <.001
Linear : Condition —0.10 0.02 -5.72 <.001
Quadratic : Condition 0.17 0.02 9.22 <.001

The results in Table 4 show that the significant effect of the linear term with a positive
estimate indicates that native listeners’ proportion target responses in the segmental condition
had a positive linear trend. The significant effect of the quadratic term with a negative estimate
indicates that native listeners’ proportion of target responses in the segmental condition had a
concave (i.e., N) shape. The effect of condition significantly improved the model and had a
negative estimate, indicating that collapsing across all gates there were fewer target responses in
the tonal condition than in the segmental condition. The significant interaction between condition
and the linear term with a negative estimate indicates that the slope of the response data was
shallower in the tonal condition than in the segmental condition. This means the proportion of
target responses increased more slowly with gate in the tonal condition than in the segmental
condition. The significant interaction between condition and the quadratic term with a positive
estimate indicates that the proportion of target responses was less concave in the tonal condition
than in the segmental condition. This means the proportion of target responses increased more

slowly and thus did not asymptote in the tonal condition compared to the segmental condition.
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The effect of group and its interaction on any time term did not significantly improve the
model. The effect of group not significantly improving the model indicates that, across all gates,
there were no differences in the proportion of target responses between the L1- and L2-Chinese
listeners on the segmental condition. These results confirm the general conclusions made from
Figure 6 and Figure 7 that native Chinese listeners and English-speaking L2 learners of Chinese
pattern similarly on the segmental condition. Additionally, the effect of group and its interaction
on the time terms did not significantly improve the model. This suggests that the two groups had
similar rates of target response improvement over time in the segmental and tonal conditions.

However, our visual inspection of Figure 7 suggested that L2 learners showed a higher
rate of correct tonal responses than native listeners at Gates 3-6, which would have been as
predicted given English listeners’ sensitivity to pitch height. If this effect were reliable, it would
have been seen in the GCA either as an overall condition-by-group interaction or as a condition-
by-group-by-time interaction(s), indicating that the shapes of the tonal lines were different
between the two groups. This lack of difference indicates native Chinese listeners and English-

speaking L2 learners of Chinese did not perform significantly differently in either condition.

4.1.6. DISCUSSION

This study reported on a forced-choice gating experiment investigating the time course of
categorization of tones and segments for native Chinese listeners and English-speaking L2
learners of Chinese. Listeners’ proportions of correct responses were calculated, and GCA
models were conducted to investigate how the two groups categorized tones and segments
of Chinese as the speech signal unfolds. The results presented in Section 4.1.4 revealed

several important effects. First, comparing the Chinese and English groups, the predicted
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early advantage in the tonal condition for L2 learners as compared to native listeners was
not confirmed. Although the results seem to be trending in that direction, with higher
proportion correct responses for L2 learners than native listeners in the early gates, the
effect did not reach significance. By contrast, the prediction of a lack of difference between
the two groups on the segmental condition was confirmed. Second, comparing tones and
segments, the predictions were again confirmed in that, for both groups, segments had
higher accuracy rates overall and faster improvement rates compared to tones. Each of these

effects will now be discussed in more detail.

4.1.6.1. CHINESE VS. ENGLISH LISTENERS’ CATEGORIZATION OF TONES

The results of the GCA shown in Table 4 revealed that group did not significantly improve
the model. A visual inspection of Figure 7 indicated that L2 learners did show a numerical
trend towards increased target responses in Gates 2-6 as compared to native listeners;
however, this effect was not significant. This suggests that while L2 learners of Chinese are
more sensitive to pitch height than native listeners, the present work was not able to confirm
that this ability extends to the categorization of tones (Gandour, 1983; Gandour & Harshman,
1978; Kaan et al., 2007; Xu et al., 2006). The figures clearly showed that the tonal condition
was subject to more variation than in the segmental condition. It is possible that the number
of participants in this study was not sufficiently large to overcome the variability in the
tonal data to reveal an early effect of condition on the proportion of target responses. From
the present results, we can only conclude that English-speaking L2 learners of Chinese did
not make greater use of early pitch height than native Chinese listeners to categorize the

tones of Chinese.
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While the proportions of target responses began at above-chance levels, for both
groups the highest accuracy rate seen for the tonal condition was about 86% at Gate 12, or
about 200 ms into the rime. This means that having heard half of the tone and rime, listeners
were approximately 86% accurate at identifying which tone they were hearing. Given the
drastically different onsets and slopes of these tone pairs, it is perhaps surprising that the
accuracy rates were not higher at that point. However, these results are consistent with other
work on the categorization of tones that showed difficulty for native listeners when making

explicit tone judgments (e.g., Cutler & Chen, 1997; Taft & Chen, 1992).

4.1.6.2. CHINESE VS. ENGLISH LISTENERS’ CATEGORIZATION OF SEGMENTS

In terms of the segmental contrasts, the results of the GCA shown in Table 4 revealed no
differences between native Chinese listeners and English-speaking L2 learners of Chinese in
the proportions of target responses. This was confirmed by the almost identical response
curves seen in Figure 6. These results were as predicted, since the segmental contrasts

chosen for this task existed in both Chinese and English.

4.1.6.3. CATEGORIZATION OF TONES VS. SEGMENTS

When comparing the performance on the tonal and segmental conditions across language
groups, two main conclusions can be drawn. First, the results presented in Table 4 revealed
that across all gates, there were more correct responses in the segmental condition than in
the tonal condition, as indicated by the significant effect of condition for native Chinese
listeners and English-speaking L2 learners of Chinese. The lower accuracy for tones than

for segments with the same duration of acoustic input is consistent with other non-gated
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studies on the topic. Recall that Taft and Chen (1992) found more errors for native Chinese and
Cantonese listeners to judge homophony of word pairs that contained tonal changes compared to
segmental changes. Likewise, Cutler and Chen (1997) found that native Cantonese listeners
made more errors when the prime heard mismatched the target word in tone than when the
mismatch was in segments. These results support the conclusions made by previous work in
showing lower accuracy for the identification of tonal contrast compared to segmental contrasts.
Additionally, in terms of time course, we see that the improvement rate for the
categorization of segments is greater than that for tones. This means that, as the duration of
acoustic information increases in equal increments, the number of target responses increases
more for segments compared to tones. While this is consistent with previous studies showing an
advantage for segments over tones, the present results are novel in that it shows a direct
relationship between the segment advantage in terms of accuracy (Cutler & Chen, 1997; Taft &
Chen, 1992) and the information accumulation notion discussed in other gated studies with non-
naturally produced stimuli (Ritsma et al., 1965; Robinson & Patterson, 1995). Recall that it has
been proposed that pitch information requires a longer duration to perceive than vowel
information, since the acoustic information needs to accumulate in order to apply it. Therefore,
these results show a relationship between the duration of information needed to perceive pitch
information, and the duration of acoustic input needed to categorize pitch into linguistic
categories. Not only does the categorization of segments have an accuracy advantage on the
whole, but also, with each incoming unit of information, listeners are able to make greater use of
the segmental information than of an equal amount of tonal information. These results support
the results of Ritsma et al. (1965) by showing that tones need an extended amount of information

to be explicitly identified. Additionally, recall that Robinson and Patterson (1995) found that
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participants could identify the vowel with less acoustic input than they could identify the musical
note on the same vowel. The present results extend this conclusion into the linguistic realm by
showing the same results with naturally produced linguistic stimuli and linguistic pitch
categories as opposed to pitch in terms of musical notes.

From these findings, one important question that remains is, why do tones and
segments differ in this way? That is to say, why can segments be more reliably identified
than tones with the same duration of acoustic information? As discussed previously, these
results may be attributable to the number of cues that signal segmental versus tonal
contrasts. Vowel perception (relevant here since the rimes differed in vowels) is arguably
most dependent on the relationship between F1 and F2; however, other cues such as center
of gravity, skewness, kurtosis, and variance for the preceding consonant, as well as features
of the actual vowel such as F3 and, specifically for diphthongs, the information in the
formant transitions is also relevant. By contrast, in the present study, the FO contour was the
only cue to tonal identity, since both duration and intensity were normalized. This means
that vowels may have had many more cues to their identity than tones. This leaves tones
requiring more of the acoustic signal to reliably identify, since the reliability of the cue is

less than what can be taken from a rime portion of equal length.
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4.1.7. CONCLUSIONS
The gated category-identification task presented in this chapter revealed two significant results.
First, unlike what was predicted, English-speaking L2 learners of Chinese did not have an
advantage in categorizing the tones of Chinese over native Chinese listeners at early points in the
tone. Second, as predicted, segments had accuracy and improvement rate advantages over tones.
The present study showed that English listeners did not differ from Chinese listeners in
their performance on either tonal or segmental contrasts. However, this task was non-lexical and
offline, leaving open the question of what occurs during lexical and online tasks: Do English .2
learners of Chinese still perform similarly to native Chinese listeners on the use of tonal and
segmental contrast in online spoken word recognition? Do segments have an advantage over
tones for Chinese and English listeners when processed online? Are tones and segments
processed on a different time scale (as in Experiment 1) or on the same time scale (as
documented in previous research, (e.g., Malins & Joanisse, 2010, 2012; Schirmer et al., 2005;
Zhao et al., 2011). Before moving on to a second experiment that aims to answer these and other
questions, we move on to a discussion of the timing of use of tones and segments in L1- and L2-

Chinese lexical access.
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Part 11

CHAPTER 5: THE TIMING OF USE OF TONES AND SEGMENTS IN LEXICAL
ACCESS

5.1. INTRODUCTION
The previous chapter focused on Chinese and English listeners’ ability to categorize tones
and segments. Both the timing of accurate categorization and the rate at which target
responses improved with gates were compared; however, the forced-choice gating task used
to investigate these issues was offline and inherently non-lexical. Part II of this dissertation
aimed to investigate Chinese and English listeners’ use of tones and segments using an
online lexical measure: visual-world eye-tracking. Recent research targeting the online use
of tones and segments in lexical access (Malins & Joanisse, 2010, 2012; Schirmer et al.,
2005; Zhao et al., 2011) has yielded different results from those of earlier offline studies
(e.g., Cutler & Chen, 1997; Taft & Chen, 1992), showing no disadvantage for tones
compared to segments. By comparing the results of Experiment 1 to those of Experiment 2
(presented in Chapter 6) using a task that targets the online use of tonal and segmental
information in lexical access with comparable materials and with the same participants, it
can be determined if tones are in fact disadvantaged in general, or if this disadvantage is
specific to certain types of tasks. Additionally, using an online lexical measure can
investigate issues specific to native and non-native Chinese listeners’ use of tonal
information in L2 lexical processing.

The literature on native listeners’ use of tones and segments has suggested that tones
and segments begin constraining the lexical search simultaneously (Malins & Joanisse,
2010, 2012; Schirmer et al., 2005; Zhao et al., 2011), (as opposed to a 2-stage process

proposed by Lee, 2007). However, only one of these studies produced results that speak to
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the rate at which these two types of information are used as the speech signal unfolds over
time (henceforth referred to as speed of use) (Malins & Joanisse, 2010), with this study
showing no speed-of-use difference between the tonal and segmental conditions.

Within the research on L2 learners’ use of suprasegmental features in lexical
processing, lexical stress has received the most attention (e.g., Cooper et al., 2002; Cutler,
Wales, Cooper, & Janssen, 2007), with suprasegmental categories such as lexical tone left
largely unstudied. To date, only one study (to the best of my knowledge) has investigated
the online processing of tones in an L2 (Sun, 2012). Using priming, Sun (2012) showed that
while English-speaking L2 learners processed Chinese words more slowly than native
Chinese listeners, they displayed the same pattern of results as native speakers (as seen in
Experiment 1 of the present work as well), in that they showed no difference in the timing
with which they used tones and segments in online word recognition. In the realm of lexical
processing, these results are surprising, in that learners typically show non-native like use of
features/cues not present in their L1 (e.g., Dupoux, Pallier, Sebastian, & Mehler, 1997;
Dupoux, Peperkamp, & Sebastian-Gallés, 2001; Dupoux, Sebastian-Galles, Navarrete, &
Peperkamp, 2008; Tremblay, 2009). Second language learners of Chinese must first form the
tonal categories before they can use them in online spoken word recognition. In other
words, one might expect that L2 learners might struggle with the use of tonal information in
lexical access.

The experiment presented in the following chapter (Experiment 2) aimed to re-
investigate this conclusion using a more time-sensitive measure: eye-tracking. Eye-tracking
is more informative than priming in that it provides detailed time course data about the

activation and competition between differing lexical items and may reveal differences in
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how English-speaking L2 learners of Chinese use tones and segments in Chinese spoken
word recognition. Before turning to Experiment 2, the present chapter reviews the tonal and

segmental processing literature for native and L2 Chinese listeners.

5.2. LEXICAL TONE PROCESSING IN NATIVE TONE LANGUAGE LISTENERS
In order to understand L2 learners’ use of tones in lexical access, it is important to review the
existing literature on native listeners’ use of tones in lexical access (for comparison). The
literature on native listeners’ lexical tone processing reveals a debate about when tone is used in
relation to segments in lexical access, and the relative weighting of each type of information
(where weighting refers to the degree of importance placed on each type of information).
Although the present study focuses on the relative timing of use of tonal and segmental
information, the issue of relative weighting, or which of tonal or segmental information has more
influence on lexical access, inevitably becomes relevant. Of the studies that have investigated the
use of tonal and segmental information in word recognition, some report that tone is used later
than segments (Chen & Cutler, 1997; Lee, 2007; Taft & Chen, 1992), whereas others have
claimed that tone and segments are used concurrently (e.g., [Cantonese] Cutler & Chen, 1995;
[Mandarin Chinese] Malins & Joanisse, 2010). Ultimately, however, several of these studies
present results that address the issue of the weighting of tones and segments rather than the issue
of the timing.

For example, Cutler and Chen (1995), who conducted a priming experiment in
Cantonese, showed that a prime-target mismatch in tone (e.g., ji6/iu4 ‘treatment’ — ji6liu5 ‘feed’)
and a prime-target mismatch in segments (e.g., fo4fal ‘peach flower’ — to4fool ‘butcher’)

created similar inhibition effects in response times to the target. The authors claim that this

58



supports the view that tones and segments are used in the same way to constrain the word search.
However, as discussed in Part I of the dissertation, Cutler and Chen (1997) found that native
Cantonese listeners made more errors in a priming task when the prime word mismatched the
target word in tone (e.g., dzil-gaml — dzil-gam?2) and in an AX discrimination task when the
two words contained the same segments but a different tone (AX discrimination; ma3 — ma2)
than when they contained the same tone but a different segment (e.g., dzil-gaml — dzil-haml,
ma3 —na3).'* From these results, and counter to their previous claim, the authors argued that
Chinese listeners may have more difficulty using tonal information compared to segmental
information.

Notice, however, that reaction times from priming experiments with a single ISI and AX
discrimination responses to complete words do not shed direct light on the timing of the use of
tonal and segmental information. Decreases in overall response times and accuracy rates
following a tone mismatch as compared to a segmental mismatch might instead reflect the
overall weight of tonal and segmental cues. Hence, the results of Cutler and Chen (1995, 1997)
may be more relevant to a discussion of weighting of tonal and segmental information rather
than one of timing (see also Sereno & Lee, 2015).

One way to test for the timing of use of tonal and segmental information in word
recognition is to conduct a priming experiment in which the ISI between the prime and target is
varied. By varying the ISI, it is possible to test whether specific cues constrain lexical access
similarly at the same word recognition stage. For example, Andruski, Blumstein, and Burton
(1994) showed that sub-phonetic variation causes gradience in priming effects at a 50-ms ISI;
however, no gradience was seen at a 250-ms ISI. The authors interpreted these results as

suggesting that sub-phonetic variation impacts lexical access only in early word-recognition

'* English glosses were not provided in the original paper.
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stages. Using different ISIs can thus give insight into whether specific cues to word recognition
impact lexical access on the same timescale.

This is precisely the method used by Lee (2007), who conducted several priming
experiments that examined how tonal match (e.g., lou ‘hall’-/6u ‘hall’) and tonal mismatch (e.g.,
lou ‘hug’-lou ‘hall’) affected the recognition of the target word. Word pairs were presented
auditorily one after another, and participants were asked to indicate whether or not the second
word in the pair was a real Chinese word or not. Both experiments, with ISIs of 50 ms and 250
ms, showed only repetition (e.g., /ou ‘hall’-lou ‘hall’) priming effects; segmentally matched pairs
that differed in tones (e.g., lou ‘hug’-lou ‘hall’) showed no priming effects. These results were
later replicated with different stimuli by Sun (2012).

To ascertain whether the lack of priming effects for the segmental pairs was due to the
mismatching tone inhibiting lexical access, a similar experiment was conducted using mediated
priming in which the author instead used a target that was semantically related to the prime. The
new sets included primes with a direct semantic relationship with the target (e.g., /ou ‘hall’ —
Jjianzhu ‘building’), called the semantically related condition, and primes that were segmentally
identical to the primes in the previous condition, but differed in tones (e.g., lou ‘hug’ — jianzhu
‘building’), called the non-semantically related condition (this tone difference causes the prime
to have no semantic relationship to the target in this second condition). Priming for the first pair
is expected, since there is a direct semantic relationship between the prime and the target.
Priming is expected in the second pair only if the tonal information in /ou ‘hug’ is not sufficient
to inhibit lexical competition from the semantically related prime /ou ‘hall’.

The results showed that, at a 250-ms ISI, only the primes in the semantically related

condition yielded significant priming effects. By contrast, and contrary to his previous
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experiment, at an ISI of 50 ms, there was a significant priming effect for both the semantically
related and the non-semantically related pairs, indicating that the segmentally identical words
that differed in tone were also activated. On the basis of these results, the author claims that at
early stages of lexical access, tone is not used to constrain the word candidate list, and thus there
is priming between /ou ‘hug’ and jianzhu ‘building,” since all words with the segmental structure
of lou have been activated. At later stages (as shown by the 250-ms ISI results), however, tone is
used to select among the segmental candidates already active. This is shown by the significant
priming effect for only the semantically related pairs, with /ou ‘hug’ no longer priming jianzhu
‘building’. The author concluded that “[the] auditory presentation of a Mandarin word activates
its minimal tone pairs in the early phase of lexical activation, but tonal information is used soon
afterwards to resolve segmental ambiguity, ruling out candidates that are mismatching in tone”
(Lee, 2007, p. 188).

Lee’s (2007) results suggest that segmental and tonal information may be used on a
different time course in lexical access, with segmental information being used immediately to
constrain the lexical search and with tonal information being used later. However, there are
concerns with the design and controls used in Lee (2007). First, even with the varied ISIs, the
priming technique does not shed direct light on the time course of use of segmental and tonal
information in lexical access.

Second, as noted by Sereno and Lee (2015), the materials were not carefully controlled,
and many confusable tone pairs were used (e.g., Tone 2 — Tone 3) in an unbalanced way, which
could have contributed to the pattern of results. Sereno and Lee (2015) conducted an auditory-
auditory lexical decision priming task similar to that of Lee (2007); however, in this experiment

the number of each tone being presented as primes and targets were balanced. The task included
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targets such as ru4 paired with identity primes (ru4 — ru4), segmental primes (ru3 — ru4), tonal
primes (sha4 — ru4) and an unrelated condition (qinl — ru4). Targets and primes were represented
with a 50 ms ISI only. Timing was not investigated. The results showed that when the prime and
target match in segments and tones, there was significant facilitation compared to the unrelated
condition. This facilitation was also seen when only segments overlapped, but to a lesser extent
than when both segments and tones matched. When overlap was only in the tones, there was
significantly inhibition compared to the unrelated condition.

These results cast doubt on the conclusion of Lee (2007), since neither the segmental
only priming nor the tonal only inhibition was found by Lee (2007). Sereno and Lee (2015)
claim that this is due to the unbalanced selection of tones and tones pairs used in Lee (2007).
Since the results of Lee (2007) appear to be inconclusive, and Sereno and Lee (2015) did not test
the timing of use of tones and segments, the timing of use of tones and segments was still an
open question. Additionally, priming may not be sufficiently time sensitive to capture the
differences between the timing of use of tones and segments.

An arguably more informative measure of the time course of use of lexical processing is
visual-world eye-tracking. Eye-tracking has been well established as a method to examine the
online time course of lexical access (e.g., Allopenna, Magnuson, & Tanenhaus, 1998; Dahan,
Magnuson, & Tanenhaus, 2001; Marian & Spivey, 2003; Tanenhaus, Spivey-Knowlton,
Eberhard, & Sedivy, 1995; Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 1996) and
provides detailed time course information about the competition between multiple lexical items.

Recently, Malins and Joanisse (2010) conducted a visual-world eye-tracking study to
investigate the time course of the integration of tonal and segmental information in native

Chinese listeners’ lexical access. Participants heard monosyllabic words in isolation while
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looking at an array of four pictures that corresponded to a target word, a competitor word, and
two distracter words. The experiment included a condition where the target and competitor
contained the same segments but differed in tone (tonal condition), and a condition where the
target and competitor contained the same tone but differed in (rime) segments (segmental
condition)."> For example, for the target chudng [tfuan2] ‘bed’, the competitor in the tonal
condition was chudng [tfuan1] ‘window’ and the competitor in the segmental condition was
chudn [tfuan2] ‘ship’.

The stimuli in Malins and Joanisse (2010) were naturally produced Chinese words. The
authors report that across all tokens and items, there were no timing differences between the
tonal and segmental conditions in terms of when the relevant acoustic information became
reliable in the signal. In other words, across all of their stimuli, on average the target and
competitor words in the tonal condition disambiguated in the acoustics at the same point in time
as the target and competitor words in the segmental condition.

The authors argued that if tonal and segmental information are available on the same
timescale (i.e., if the tonal competitor chudng [tfuanl] ‘window’ competes with the target
chudng [tfuan2] ‘bed’ on the same timescale as the competitor chuan [tfuan2] ‘ship’ competes
with the same target chudng [tfuan2] ‘bed’, then eye fixations in the tonal condition should
pattern similarly to eye fixations in the segmental condition. The authors conducted growth curve
analyses on the fixations to target items. The results showed no significant difference between
the two conditions in listeners’ target fixations. The authors took these results as evidence that

tonal information is processed on the same timescale as segmental information.

!> Malins and Joanisse (2010) refer to the segmental condition as “cohort” condition. Their experiment included
additional conditions, not mentioned here since they are not relevant to the present discussion.
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Similarly, Schirmer et al. (2005) investigated the time course of tonal and segmental
information in Cantonese using event related potentials (ERP). The authors created sentences
with a critical word (e.g., beng6 [pen6] ‘illness’) and then manipulated either the tone (e.g.,
beng?2 [pen2] ‘biscuit’) or the segments (e.g., boub [poub] ‘step’) to create two conditions of
semantically incongruous words. When measuring the timing and amplitude of the N400 ERP
component, a negative going waveform that has been shown to reflect the detection of semantic
violations, the authors found similar latencies and amplitudes for both types of violations. The
authors concluded from these results that tones and segments play similar roles in online spoken
word processing in Cantonese in terms of their timing and degree of influence.

These results of comparable tonal and segmental timing have since been replicated in
Mandarin, also using ERPs. Zhao et al. (2011) developed a new ERP task called the
“picture/spoken-word/picture task™ to investigate the timing of competition between pairs of
words. In this task, participants saw two pictures one after the other, and their task was to decide
if the objects represented in the two pictures were from the same semantic category (e.g.,
animals, body parts, etc.). Between the presentations of the two pictures, participants heard a
spoken word. They were instructed not to do anything with that word, but simply to listen to it
and make a judgment about whether the second picture matched the semantic category of the
first picture. The spoken word either matched the word represented in the second picture in all
aspects (match condition, e.g., bi2 — bi2) or mismatched it in terms of onset (onset mismatch
condition, e.g., bi2 — [i2), rime, (rime mismatch condition, e.g., bi2 — bo?2), tone (tone condition,
e.g., bi2 — bi3), or syllable (syllable condition, e.g., bi2 — gel). With this task, the authors hoped
to avoid having participants make explicit judgments during spoken word processing, but to still

capture effects due to lexical competition between the spoken word and the second picture.
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The authors investigated the latency and amplitude of the N400 ERP component, which
has also been shown to be modulated by rime matches, showing an earlier N400, and rime
mismatches, showing a later N400, in response to spoken Chinese (Desroches, Newman, &
Joanisse, 2009). The authors predicted that the various violations between the expectation set up
by the spoken word and the violation of that expectation upon seeing the visual picture would
influence the N400 latency and peak, thereby shedding light on the nature and linguistic units of
Chinese lexical competition. Of their findings, the most critical to the present discussion was the
lack of difference between the tone condition (e.g., bi2 — bi3) and the rime condition (e.g., bi2 —
bo2): Both conditions elicited comparably larger N400s compared to the match condition
(e.g., bi2 — bi2), due to the failed expectation set up by the spoken word. These results indicate
no timing difference in the use of tonal and segmental information in lexical competition,
contrary to the claims of Lee (2007).

Malins and Joanisse (2012) also conducted an ERP experiment to investigate the timing
of tonal and segmental information in Chinese. The authors argue that while Zhao et al. (2011)
found no difference between tonal and segmental mismatches, the task did not require lexical
access and thus cannot be said with certainty to reflect lexical processing. Malins and Joanisse
(2012) instead used a picture-word matching task. Participants saw a picture presented on the
screen and heard an auditory word. They would then press one of two buttons to indicate
whether the picture matched the spoken word. The pictures and auditory words were
manipulated to exhibit different match/mismatch relationships (match, e.g., hual [xual] ‘flower’
— hual [xual] ‘flower’; tonal mismatch, e.g., hual [xual] ‘flower’ — hua4 [xua4] ‘painting’; rime
mismatch, e.g., hual [xual] ‘flower’ — huil [xuil] ‘gray’; onset mismatch, e.g., hual [xual]

‘flower’ — gual [kual] ‘melon’; syllable mismatch, e.g., hual [xual] ‘flower’ —jing! [teinl]
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‘whale’; unrelated, e.g., hual [xual] ‘flower’ — lang?2 [lan2]‘wolf’; note: the tonal and rime
mismatches are the conditions of interest to the present discussion).'® In that study, the ERP
component of interest was the phonological mapping negativity (PMN), which is an early
negative deflection believed to be related to pre-lexical processing. This component has been
shown to be modulated by word-initial phoneme mismatches between expected and observed
words (e.g., Connolly & Phillips, 1994; Connolly, Stewart, & Phillips, 1990). The results showed
that the two conditions of interest (tonal mismatch, e.g., hual ‘flower’ — hua4 ‘painting’; and
rime mismatch, e.g., hual ‘flower’ — huil ‘gray’) showed similar timings of PMN responses.
The authors concluded that tones and segments are used at the same time and are used as early as
the information becomes available.

These studies presented here, which used different materials, tasks, and measures, have
all come to the conclusion that tones and segments are used at the same time in lexical
processing. When discussing learners, we can be sure of the assertion that a native-like timing

pattern would be for tones and segments to be used concurrently in lexical access.

5.3. LEXICAL PROCESSING IN SECOND LANGUAGE LISTENERS

5.3.1.1. LEXICAL STRESS

Although not much work has been done on the L2 processing of tones, there is a substantial
literature on how learners use stress in L2 lexical access. Stress in English is signalled by
segmental cues such as vowel reduction (e.g., Gay, 1978; Lindblom, 1963) and suprasegmental
cues such as duration, intensity, and pitch (e.g., Beckman, 1986; Lieberman, 1960). Looking at

what is known about the use of stress in L2 lexical access will inform the predictions about the

LENT3 EENT3

'S These are referred to as the “match,” “segmental,” “cohort,” “rime,” “tonal,” and “unrelated” conditions in Sun
(2012). The labels were changed here for consistency with the present study.
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use of tonal information in L2 lexical access. Hence, the literature on L2 learners’ processing of
lexical stress is discussed first to lay the foundation.

Beginning with how native English listeners use stress, Cutler (1986) originally
suggested that since most stress minimal pairs in English are differentiated with segmental cues
such as vowel reduction, English listeners would not use suprasegmental cues to stress in the
presence of segmental cues to disambiguate minimal pairs. This prediction was tested using
cross-modal priming with minimal pairs of words that differed only in the suprasegmental cues
to stress, such as FORbear — forBEAR (with the capital letters indicating stress placement),
where no vowel reduction is present in the unstressed syllables. Participants heard sentences
ending in the prime words and made lexical decisions to a visually presented semantically related
target word. The targets were either semantically related (e.g., FORbear — ancestor) or unrelated
(e.g., FORbear — tolerate) to the prime. It is crucial to note that in the semantically unrelated
pairs, the target was semantically related to the prime word’s stress minimal pair (e.g., forBEAR).
It was predicted that if English listeners could use the stress information to constrain the word
search, then a semantically unrelated target (e.g., folerate) should not be primed by the
semantically unrelated prime word (e.g., FORbear), since stress would have ruled it out: If
forBEAR were not initially activated, it would not activate its semantically related word
(e.g., tolerate).

The results showed equal priming for semantically related and semantically unrelated
items, suggesting that English listeners did not use the suprasegmental information when
accessing the lexicon, since FORbear was treated as a homophone of forBEAR. It was explained

that in English, suprasegmental cues to stress are insufficient to constrain the lexical search.
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There are pairs that are disambiguated solely by suprasegmental cues, but that they are so
infrequent that English speakers do not need to use this information to access the lexicon.

In a later study, however, Cooper et al. (2002) questioned the power of the results of
Cutler (1986), which had used only stress minimal pairs and thus had very few test items. Cooper
et al. (2002) hypothesized that stress may play a role in earlier stages of word recognition, before
the whole word has been heard. For this reason, they retested native English listeners’ ability to
use suprasegmental cues to stress in lexical access and additionally included Dutch-speaking L2
learners of English. The stimuli included were word pairs whose first or first two syllables were
identical segmentally but differed in stress, such as ADmiral — admiRAtion. Participants heard a
sentence ending with the truncated critical word (e.g., admi-). At this point, they were presented
with a visual target that matched or mismatched the truncated word in stress (e.g., “admiral” or
“admiration”) and made a lexical decision to the word. If participants were able to use the
suprasegmental cues to stress in the initial syllables, upon hearing the first two syllables of
admiral, there should be no facilitative priming effects when the target word was admiration,
since admiration does not match admiral in its stress. Over the course of several experiments,
they found that English listeners were able to use the suprasegmental cue to stress to constrain
lexical access, contrary to the results of Cutler (1986). It was argued that the earlier results were
conducted on too small a set of words, since English has few pairs of that differ
suprasegmentally but not segmentally, and as a result failed to reveal the effect. The authors also
suggest that identity priming may be more sensitive to the subtle effects of suprasegmental cues
than associative priming, as was used in Cutler (1986).

In addition to establishing that English listeners use stress in online lexical access, this

study included a group of Dutch-speaking L2 learners of English. Dutch is very similar to
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English in terms of stress, with the exception that an unstressed vowel does not reduce to the
extent that it would in English. This means that in Dutch, the suprasegmental cues to stress are
weighted more heavily in identifying stress than in English. The results showed that the Dutch
listeners were able to use the stress information to correctly constrain the lexical search in their
L2, and in some cases, they even made greater use of the suprasegmental cues to stress than
native English listeners. This greater use of suprasegmental cues to stress than native English
listeners was also found by Cutler et al. (2007).

Cooper et al. (2002) showed that when both the L1 and L2 use stress to signal lexical
identity, L2 learners have little difficulty in using stress to constrain the L2 lexical search and
access L2 words. However, other studies have shown that in cases where the L1 and L2 differ in
their use of stress, L2 learners have great difficulty using stress in L2 lexical access. French
differs from English or Dutch in that it does not have stress: Prominence is not lexically
contrastive and is instead used to mark word boundaries, falling on the final syllable of phrase-
final words (according to Dell & Vergnaud, as cited in Dupoux, Pallier, Sebastian, & Mehler,
1997; see also Jun & Fougeron, 2000; Jun & Fougeron, 2002). Studies on French speakers
learning lexical-stress languages have reliably shown a stress “deafness,” that is, an inability to
encode stress in tasks such as AXB, sequence recall, and speeded lexical decision (Dupoux et al.,
1997; Dupoux et al., 2001; Dupoux, Sebastian-Galles, et al., 2008; Tremblay, 2009). It is argued
that this stress “deafness” is not so much a lack of ability to perceive the stress differences, but
rather an inability to encode stress in phonological representations (Dupoux, Sebastian-Gallés,
Navarrete, & Peperkamp, 2008). The studies by Dupoux and colleagues were the basis for the

Stress Parameter Model (SPM; Peperkamp & Dupoux, 2002), which argues that if stress is not
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encoded in the L1 lexical representations, listeners will not be able to encode stress in L2 lexical
representations and use it in online word recognition.

Along this line, Tremblay (2008) investigated the use of stress in L2 lexical access in
relation to proficiency and knowledge of stress placement by Canadian French-speaking L2
learners of English. By correlating the results of a cross-modal priming task with the results of a
stress production task, the author showed two major effects relevant for the current discussion.
First, knowledge of stress placement was essential, but not always enough, for L2 learners to use
stress in processing. This means that all learners who were able to use stress in processing had
good knowledge of stress placement, but not all participants who had good knowledge of stress
placement were able to use it in processing. While accuracy for some learners was high (up to
80%), many learners struggled to use this information online, with L2 learners’ RTs remaining
higher than native English participants. These results were interpreted as suggesting that the
difficulty for French speakers comes from lexical access itself, and not necessarily from an
inability to encode the stress in the lexicon, given the high stress production accuracy for some
learners. The second important effect was the lack of effect of proficiency: The results showed
that learners struggled to use stress information to access the lexicon in general, and that
increased proficiency did not increase the likelihood that the learners would be able to use stress
to access the lexicon. Years of experience with English, however, did significantly predict stress
use in L2 lexical access.

The results for French speakers learning stress languages collectively show that when an
L1 does not have lexical stress, learners struggle to use stress in L2 lexical access. Additionally,
this effect does not seem to be merely an effect of general proficiency in the L2, with participants

who have reached a high level of proficiency still failing to use stress online (Tremblay, 2008).
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Lin, Wang, Idsardi, and Xu (2014) conducted a study to test the predictions of the SPM
with Chinese- and Korean-speaking L2 learners of English by contrasting the presence and
absence of segmental cues to stress (i.e., vowel reduction). According to the SPM, listeners must
encode stress in their L1 lexical representations to use it in an L2. Based on the SPM, the authors
predicted that Chinese listeners, who encode stress in the L1, would succeed at using stress
online, whereas Korean listeners, who do not have lexical stress in the L1, would fail to do so. In
both sequence recall and lexical decision tasks, the English and Chinese listeners outperformed
the Korean listeners, both in the presence and in the absence of vowel reduction. This was taken
as support for the SPM, with Chinese listeners being able to use lexical stress in English but with
Korean speakers being unable to use stress in English.

However, a study on L2 learners’ processing of stress that is framed within the cue-
weighting theory of speech perception (Francis, Ciocca, Ma, & Fenn, 2008; Francis & Nusbaum,
2002; Holt & Lotto, 2006; Ingvalson, Holt, & McClelland, 2012; Zhang & Francis, 2010) has
shown that what is more important to stress processing is the specific cues used to process stress,
not the presence or absence of stress in the language (Qin, Chien, & Tremblay, 2017).
Specifically, Qin et al. (2017) tested L2 learners of English in their ability to use duration as a
cue to stress in English based on the properties of their L1. In Standard Mandarin Chinese,
duration serves a lexical stress function, in that disyllabic words contrast based on a stressed-
stressed or stressed-unstressed pattern (e.g., Duanmu, 2007), where the second syllable in a
stressed-unstressed word has a shorter duration that the second syllable in a stressed-stressed
sequence (Chen & Xu, 2006; Lin & Yan, 1980, as cited in Qin et al., 2017). Taiwan Mandarin,
on the other hand, does not have this contrast, and so duration does not play a significant role in

signaling lexical identity (Huang, 2012).
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The authors tested proficiency-matched native Standard Mandarin and Standard Taiwan
Mandarin L2 learners of English as well as a control group of native English listeners with a
sequence recall task to test their use of durational cues in identifying stress in English non-words.
Stimuli were manipulated to contain only durational cues, only FO cues, both cues, or conflicting
cues (i.e., duration indicating stress, but FO indicating unstressed and vice versa). The results
showed that when only durational cues to stress were present, native Standard Mandarin listeners
outperformed native Taiwan mandarin listeners. These results were attributed to Standard
Mandarin listeners’ use of durational cues in their L1, and the lack of reliance on these cues in
Taiwan Mandarin. Additionally, when only FO was a cue to stress, Taiwan Mandarin listeners
did not differ from Standard Mandarin listeners. Recall that Taiwan Mandarin does not have
lexical stress, and so this shows that these Taiwan Mandarin learners of English were able to
transfer their use of pitch from their L1 tones to process their L2 English stress. Finally, when
the cues conflicted, the results showed that both Taiwan and Standard Mandarin listeners relied
more on FO than they did on duration. This is true of the Standard Mandarin listeners as well,
who could have relied on duration, which is a cue to stress in Standard Mandarin as well.

These results again suggest that it is the cues to lexical identify that are important, not the
presence or absence of stress, since Taiwan Mandarin does not have lexical stress, and yet they
were able to use pitch alone as a cue to English stress as well as Standard Mandarin listeners,
who do have stress in their L1.

Thus, moving to English speakers learning Chinese lexical tones, while the SPM would
have predicted that L1-English L2-Chinese listeners would have failed to use lexical tones online

since they do not have tones in the L1, the cue weighting theory suggests that L1-English L2-
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Chinese listeners should have the ability to encode lexical tones, in that they should be able to

transfer their use of pitch from lexical stress to L2 lexical tones.

5.3.1.2. LEXICAL TONE

The previous section discussed how stress is processed in an L2. This work predicts that L1-
English-L2 Chinese listeners should be able to encode tones, given their ability to transfer their
use of pitch as a cue to stress to being a cue to tones. While it is predicted that they will be able
to encode the tones, it remains unclear if they will be able to use those tones in online lexical
processing. As previously mentioned, only one study has directly investigated L2 learners’ tone
processing in Chinese. In his dissertation, Sun (2012) examined native and L2-Chinese listeners’
processing of tones. More specifically, using two priming experiments, it investigated tone
neighborhood density effects and the timing of use of segmental and tonal information. Only the
experiment on the timing of use of the two types of information will be discussed here.

Experiment 2 was a form-priming task based largely on Lee (2007). Participants heard
two words and were asked to judge whether or not the second word in the pair was a real word of
Chinese. Prime-target pairs included an identity condition (e.g., ma [mal] ‘mother’-ma [mal]
‘mother’), a tonal condition where the pairs shared segments but differed in tones (e.g., md [ma3]
‘horse’ — ma [mal] ‘mother’),'” a segmental condition where the pairs shared the tone but
differed in all segments (e.g., fii [tul] ‘bald’ — ma [mal] ‘mother’) '*, and an unrelated

condition where the pairs shared nothing (e.g., fo [fo2] ‘Buddha’ — ma [mal] ‘mother’). Unlike

Lee (2007), the author controlled for tonal neighborhood density by selecting only words that

"7 This was referred to as the “segmental” condition in. Sun (2012). The labels were changed here for consistency
with the present study.

'8 This was referred to as the “tonal” condition in the paper. Sun (2012). The labels were changed here for
consistency with the present study.
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could appear as real words with all four tones, but it is unclear whether it also controlled for
segmental neighborhood density or word/token frequency. Two ISIs were used to investigate the
timing of use of tonal and segmental information (50 ms and 250 ms), as was used in Lee (2007).
The results showed that for native listeners and L2 learners, in both ISI conditions, only identity
pairs produced facilitation compared to the unrelated pairs, and no inhibition effects were found
for either segmental or tonal pairs. Overall, L2 learners’ reaction times were slower and their
accuracy rates lower than those of native listeners. The author claims that these L2 results show
that L2 learners process Chinese similarly to native listeners, but with their processing being
slower.

The author argues that one explanation for the L1 effect (that L2 learners were in general
slower to process the words) was because tones are too similar to English stress. The author
discusses perceptual models such as the Speech Learning Model (SLM; Flege, 1995) and the
Perceptual Assimilation Model (PAM; Best, 1995). While these models differ slightly, their
main argument is the same: Both claim that when an L2 sound is similar enough to an L1 sound,
this L2 sound will be “assimilated” to the L1 category. If the L2 sound is inappropriately
assimilated to an L1 category, learners will not be able to separate the new L2 sound from the
existing L1 sound. This will cause learners not to perceive the difference between the two;
consequently, acquiring the new sound in perception and production will be extremely difficult.
The author cites these models to explain that since both tone and stress are similar in their
acoustic properties (signaled in part by pitch), English-speaking L2 learners of Chinese may
equate lexical tone to stress. Because they assimilate the tones to stress, they will have difficulty
perceiving the differences between the tones, and therefore this will affect their lexical access;

however, this explanation was not directly tested.
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Additionally, it remains unclear why no priming was found for the tonal condition, where
all the segments overlapped and only the tone mismatched. An examination of Sun’s (2012)
segmental items reveals that the distribution of the tones in the target words was not balanced,
with seven T1 targets, two T2 targets, seven T3 targets, and four T4 targets. The distribution of
the tones in the prime words varied just as much. Sereno and Lee (2015) showed that when the
number of appearances of each tone are controlled, segmental-only overlap causes facilitative
priming, though not as much as the identity condition. This effect was not seen in Sun (2012)
and could be due to a lack of controls in the materials. The tone pairs in the tonal condition were
also not evenly distributed, with 10 out of 20 pairs being Tone 1 — Tone 3 pairs. While this
unbalancing cannot directly cause the effects seen, the sheer variation in the tones and tone pairs
is more than enough to cast doubt on the results. It is also unclear whether the frequency of the
words and L2 learners’ familiarity with these words was controlled. Especially for L2 learners,
word familiarity is an important measure to ensure participants were equally familiar with the
words in all conditions.

In sum, there has been only one study that investigated L2-Chinese learners’ use of tonal
information in lexical access. That study used priming and varied the ISI to investigate the
timing of use of tones and segments, and concluded that learners use tones and segments at the
same time, but process slower overall compared to native speakers.

In terms of processing segmental information in the L2, a substantial body of literature
indicates that when the L2 has sounds that correspond to a single category in the L1, learners
struggle to use those segments in online lexical access. Broersma and Cutler (2008) showed that
Dutch-speaking L2 learners of English activate English near-words due to their misperception or

incorrect identification of vowels. Dutch listeners often confuse the English vowels /e&/ and /¢/,
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since they do not contrast in the L1 (Schouten, 1975). In order to investigate if this difficulty
created additional lexical competition for L2 learners of English as compared to native English
listeners, Broersma and Cutler (2008) conducted two experiments. The first was an auditory
lexical decision task looking to see if Dutch L2 learners of English would incorrectly accept
near-words such as [lemp] by mis-categorizing the vowel [¢] as [&], which would create the real
English word [lamp]. The results showed the Dutch L2 learners of English incorrectly accepted
the near-words significantly more than native English listeners, showing that the L1 segmental
inventory does interfere with correct lexical access.

The first experiment showed that difficulty in learning vowels in the L2 causes learners to
incorrectly accept nonce words as words of English. In a second experiment, Broersma and
Cutler (2008) investigated whether this lack of a vowel contrast in the L2 could create additional
lexical competition for learners by resulting in embedded words that would not be present in
native listeners, who can correctly identify the vowels. They investigated if Dutch listeners
would activate the word deafupon hearing the first syllable of the word daffodil due to the
misperception of the first syllable as [def-] instead of the correct [deef-]. The authors conducted a
cross-modal priming experiment using word pairs such as definite and daffodil. The initial
syllable was extracted from each word (e.g., [def-] and [def-]) and served as the auditory prime
in two conditions: either the same-word condition (prime: [def-], visual target: deaf) or in a near-
word condition (prime: [deef-], visual target: deaf). For English listeners, less facilitation (or no
facilitation) should be found in the near-word condition compared to the same-word condition,
since the vowel will reduce the likelihood that the target word would compete. For Dutch L2
learners of English, however, if the incorrect representation of the vowel leads to unwanted

lexical competition, then we would expect to see facilitation in both cases.
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Native listeners’ results showed facilitation only in the same-word condition, with no
facilitation in the near-word condition. For Dutch L2 learners of English, however, facilitation of
the target word was seen in both the same-word and near-word conditions. The authors
concluded that the mis-identification of the L2 sounds created additional lexical competition
when processing the L2: not distinguishing between these two sounds resulted in the activation
of not only the intended word (e.g., daffodil), but also words that did not share the same vowel
(e.g., deaf, definite).

This pattern of results of incorrect representations impacting L2 lexical processing with
increased competition has been found not only for Dutch L2 learners of English (e.g., Broersma,
2002, 2005; Broersma & Cutler, 2008, 2011), but also for Japanese L2 learners of English due to
the difficult [r]/[1] distinction (Cutler & Otake, 2004; Cutler, Weber, & Otake, 2006). These
findings may further extend to the L2 learners’ processing of Chinese tones. The four tones of
Chinese do not map straightforwardly onto any English category (cf. Sun, 2012). Given that
English listeners’ perception of tones is ultimately non-native (Wang et al., 1999), we might
predict that English-speaking L2 learners of Chinese would also experience more lexical
competition when having to distinguish segmentally identical target and competitor words that
differ only in tones in lexical access. Furthermore, one would also predict that L2 learners would
experience more lexical competition with word pairs that differ only in tones than with word
pairs that differ only in segments (when the L2 segments map straightforwardly onto L1
segments), a result not found by previous priming research with English L2 learners of Chinese
(Sun, 2012).

The issue of L2 learners’ use of Chinese tones and segments in online lexical processing

warrants a reinvestigation with a more time-sensitive measure. Eye-tracking has the ability to
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investigate the timing and speed of use of various types of information, and thus it is a very
useful measure of processing. In an online visual-world eye-tracking task comparing native and
non-native listeners’ use of tonal information in lexical access, two main outcomes could be
predicted. If the previous priming work conducted by Sun (2012) is an adequate representation
of L2 tonal processing, then we should find that English L2 learners of Chinese use tones at the
same time as segments, but that they will use both more slowly than native Chinese listeners.
Alternatively, if the research on L2 learners’ difficulty in using segmental contrasts that do not
exist in the L1 is a more suitable representation of how L2 learners use tones in lexical access
(e.g., Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011; Cutler & Otake, 2004; Cutler et
al., 2006), then a difference between the L2 learners’ processing of segments and tones should be
found, with tones being disadvantaged compared to segments (when the L2 segments map

straightforwardly onto L1 segments).

5.4. TIMING VS. SPEED IN LEXICAL PROCESSING
Experiment 1 investigated both the timing with which tones and segments can be categorized
(i.e., the gate at which responses rose above chance) and the rate of improvement of
categorization responses as the speech signal unfolded (i.e., with increasing gate). We know that
the literature on lexical processing has focused on the timing of use of tones and segments, but
perhaps tones and segments could also be compared on the lexical processing equivalent of
improvement rate from the gating task: the speed of use of tones and segments in lexical access.
It is relevant here to elaborate on a distinction in processing alluded to by Sun (2012)
between timing (as in early or late) and speed (as in fast or slow). In the use of tonal information

in lexical access, we can look at timing of use, as is common in the current literature. Timing is
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defined here as the point in time at which information begins to be used. With respect to tones,
we can look at the point in time when tonal information begins to constrain the word search:
How much of the tone is needed before the tonal information begins to have an effect on the
lexical search? Importantly, is that timing the same between tonal and segmental information?
Recent research suggests that the timing of use of tonal and segmental information in native
Chinese listeners’ lexical access is the same (Malins & Joanisse, 2010, 2012; Schirmer et al.,
2005; Zhao et al., 2011).

On the other hand, speed of use is how fast information can be used once it is available.
Whereas tones and segments may be available to constrain the word search at the same time,
perhaps one constrains the word search faster, or has a more rapid effect on the lexical search,
than the other.'” This was seen in Experiment 1, where the words in the tonal and segmental
conditions received accurate responses above chance at the same time but differed in their
improvement rates. Malins and Joanisse (2010) reported no difference in native Chinese
listeners’ eye fixations between their tonal and segmental conditions. However, variability in the
materials and lack of controls for initial consonants and duration (both relevant to the issue of
timing) warrant a second look into the timing and speed of use of tonal and segmental
information in Chinese listeners’ lexical access. Additionally, there were no controls for the
timing of the arrival of the information between tones and segments in perception, though the

timing of arrival in the acoustics was controlled.

' It would be difficult to tease apart speed from weighting, since both a speed effect and a weighting effect would
incur similar results. Therefore, it may not be useful or possible to tease them apart, especially in the present work.
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5.5. THE PRESENT EXPERIMENT

The following chapter aimed to investigate the time course of use of tones and segments in
lexical access for both native Chinese listeners and English-speaking L.2 learners of Chinese. To
do this, a visual-world eye-tracking experiment was conducted contrasting the processing of
tonal and segmental information, and comparing Chinese and English listeners.

For native listeners, it is predicted that tones and segments will begin to influence the
lexical search at the same time (Malins & Joanisse, 2010, 2012; Schirmer et al., 2005; Zhao et
al., 2011). In terms of speed of use, the predictions are unclear. No prior study suggests a speed
difference between the processing of tones and segments; however, of all of the studies showing
no timing of use difference between tones and segments, only Malins and Joanisse (2010) used
an appropriate method to investigate the speed of use, and the amount of variability in the
materials could be masking speed effects, if present. Based on the current literature, it would be
predicted that tones and segments would be used with similar speeds. If they differ in their speed
of use, the results of Experiment 1 and other research on the relation of tones and segments
(Malins & Joanisse, 2010, 2012; Schirmer et al., 2005; Zhao et al., 2011) would suggest that
tones would be used more slowly than segments.

For L2 learners, previous priming results suggest that tones and segments would be used
at the same time in relation to each other (Sun, 2012). Research from the segmental domain,
however, would predict difficulty in using tones in online word recognition compared to native
listeners and compared to using L2 segments that map straightforwardly onto L1 segments (e.g.,
Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011; Cutler & Otake, 2004; Cutler et al.,
2006). This difficulty could manifest itself as a delay of use of tonal information in relation to

segmental information.
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With respect to L2 learners’ speed of use of tones and segments, three outcomes can be
predicted. This first predicted outcome follows from the results of Experiment 1, which showed
that L2 learners performed identically to native listeners on both tonal and segmental contrasts,
not only in terms of timing but also in terms of rate of improvement. From the results of
Experiment 1, one would predict that in an online task, L2 learners and native listeners might
perform similarly in terms of speed of use of tones and segments, with segments being used
faster than tones. The second predicted outcome follows the results of previous priming research
(Sun, 2012): The findings of this research instead predict that English L2 learners of Chinese will
exhibit equally slower use of tones and segments as compared to native listeners. The third
predicted outcome, following prior studies on L2 lexical processing, is that L2 learners of
Chinese will exhibit slower use of tones than segments, but with segmental contrasts showing
similar speed compared to native listeners. This would result from L2 learners’ difficulty in
using new cues to lexical identity in L2 lexical processing (e.g., Tremblay, 2008). The present
study aimed to tease apart these possible outcomes to better understand the nature of the use of
tones and segments in native and L2 lexical processing.

Part II of this dissertation reports on a visual-world eye-tracking study that used similar
materials as those used in Experiment 1. This task is ideal for investigating native and L2 lexical
processing, as the main measure (eye movements) is unconscious. The task itself is simply to
click on the picture that matches the spoken word; as such, it is not particularly taxing on L2
learners. Eye movement data reveals the direct lexical competition between two items. This
makes it more sensitive to fine-grained differences that may be missed in other tasks.
Additionally, eye-tracking allows for the investigation of both timing and speed effects in lexical

access, which will be crucial to the present investigation of tones and segments.
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CHAPTER 6: THE TIMING OF USE OF TONES AND SEGMENTS IN LEXICAL
ACCESS: EXPERIMENT 2

6.1. INTRODUCTION

This chapter reports on a visual-world eye-tracking experiment designed to investigate the
timing of use of tonal and segmental information in lexical access. Previous priming work
has shown that English-speaking L2 learners of Chinese use tones and segments in similar
ways, although they use the information more slowly compared to native Chinese listeners
(Sun, 2012). The absence of a difference between the use of tones and segments in Sun’s
(2012) results may seem counterintuitive, since it would likely be expected that English-
speaking L2 learners of Chinese would struggle to use tones in online spoken word
recognition based on the difficulty that L2 learners have when using new segments in L2
lexical access (Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011). To further investigate
this issue, the processing of the words corresponding to the tonal and segmental minimal
pairs in Experiment 1 was investigated using eye-tracking to obtain a highly precise

measure of the time course of lexical access.

6.2. METHODS

This experiment used the visual-world eye-tracking paradigm. Eye-tracking has been well
established as a method that examines the online time course of lexical access (e.g., Allopenna et
al., 1998; Tanenhaus et al., 1995). In this method, participants see four objects on a computer
screen arranged in a grid. They hear a spoken word and are instructed to do something with the
visual object corresponding to the word (e.g., use a mouse to click on the object that depicts the
word they heard). The participants’ eye movements are recorded as they perform the task, and
these eye movements are analysed in relation to when the spoken word unfolds in time.
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6.2.1. PARTICIPANTS

The same participants who participated in Experiment 1, described in Section 4.1.1, also
participated in Experiment 2, with the exception of two native Chinese listeners, who were
excluded from this experiment for complete lack of recorded fixations in the pre-set interests
areas around the pictures. Lack of recorded fixations can result from participants using their
peripheral vision to complete the task and not making eye movements to any of the objects in the
display despite instructions to look at these objects. The analyses on fixations were therefore run
on 22 native Chinese listeners (13 females; mean age: 25.4; standard deviation (SD) 3.6) and all

22 English-speaking L2 learners of Chinese described in Section 4.1.1.

6.2.2. MATERIALS AND DESIGN
The same auditory materials used in Experiment 1, described in Section 4.1.2 were used in
Experiment 2, with the exception that the auditory stimuli were not gated and the complete word
was heard. All other manipulations (duration and intensity) remained. As a reminder, there were
16 items in the tonal condition and 16 items in the segmental condition. An additional 16 tonal
and 16 segmental pairs identical to the critical trials in all respects (except for controls in
frequency) were selected as target and competitor words for the filler trials. Each of the four
tones was played as the target an equal number of times across the experiment. Each tone was
visually represented in the display an equal number of times.

The frequency of all items was controlled. The lack of significant differences between
conditions was confirmed by paired samples #-tests on the log-10-transformed frequency per
million words, as listed in SUBTLEX-CH Corpus (Cai & Brysbaert, 2010). For the target items,

there were no significant differences for the frequencies between the target and competitor pairs
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for the tonal condition (p> 0.1) or segmental condition (p> 0.1). Additionally, there were no
differences between the target or competitor items between the two conditions (p’s> 0.1).

All words were represented with black and white line drawings. In every trial,
participants saw four pictures in the display: two pictures representing one tonal pair and two
pictures representing one segmental pair. In the tonal condition, the target and competitor words
were a tonal pair and the two distracter words were a segmental pair; the reverse was true in the
segmental condition. The words that appeared as target and competitor words in the filler trials
served as distracter words in the critical trials, and the words that appeared as target and
competitor words in the critical trials served as distracter words in the filler trials. The filler trials
were therefore identical to the critical trials in all respects, with one tonal pair and one segmental
pair present in each display. All displays were thus repeated twice, once in each condition.”” For
example, if the first time a display was seen, the tonal pair was targeted, the second time it
appeared, the segmental pair was targeted. In order to reduce the bias that once an item or a pair
has been targeted, it will not be heard again, some filler trials repeated the same target word as
other filler trials.

Figure 8 below illustrates how the filler trials were balanced, with the red circle
indicating which item in the two possible pairs (tonal or segmental) was the target for each
presentation. Filler Type 1 demonstrates that for half of all of the filler trials, the exact same
target was repeated in the display’s second presentation. Filler Type 2 demonstrates that for the
other half of the filler trials, the opposite item within the same pair was targeted in the display’s
second presentation. An equal number of Type 1 and Type 2 fillers are present for each block.

Half of both Type 1 and Type 2 filler trials were segmental trials and the other half were tonal

* In order to reduce the number of word-picture associations that participants memorized, each display was repeated
twice. As a result, participants needed to remember half the number of word-picture associations. This helped
accommodate the L2 learners, who were not as familiar with some of the words.
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trials. As previously mentioned, the filler items were designed in this way to ensure that when a

display was repeated, participants could not predict which item would or would not be the target.

Filler Type 1 Filler Type 2
1 ( ;ronel Segl 'Tonei‘ Segl
First Tone Toned
presentation - -
Seg2 Tone2 Seg2 Tone2
( Tone\l Segl Tonel Segl
Second ,
presentation Seg2 Tone2 Seg2 ‘ToneZ

=~ =S

Figure 8: Filler trial balancing example

Two lists were created such that on the second list, the target-competitor relationship was
reversed (i.e., the target word on List 1 was the competitor word on List 2, and vice versa).
Participants were randomly assigned to a list. The experiment was broken into four blocks to
offer breaks for the participants if needed, and also to allow for recalibration of the eye tracker as
necessary. Each block contained 16 items: four items from each condition (tonal and segmental)
and eight filler trials (half tonal and half segmental). Items were randomized within blocks.

In addition to filler items, eight stimulus sets were selected to serve as practice items
before the experiment began. In addition to familiarizing the participants with the task, these
practice items set up the expectation of the repeated displays. Practice items were identical in
form to the critical trials, with one tonal and one segmental pair presented. These eight trials
consisted of four trials that mimicked the critical trials, of which two had a tonal target and two

had a segmental target. On the second presentation of the display, the opposite pair on the screen
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was targeted. The other four trials mimicked the filler items and included two Type I-like and

two Type Il-like filler items.

6.2.3. PROCEDURES

6.2.3.1. WORD FAMILIARITY TASK

Participants first completed a word familiarity task in which they were presented with the written
character for each word and heard the corresponding auditory stimulus played through
headphones. All 128 critical and filler items were included in the word familiarity task.
Participants completed a word familiarity task by giving a rating for how familiar they were with
that word based on the rating scale provided in Table 5. Participants entered the number that
corresponded to their response. This task was implemented with Psychopy (Peirce, 2007) on a

MacBook Pro.

Table 5: Word familiarity rating scale

Rating  Rating description

0 I have never seen/heard this word.

1 I have occasionally seen/heard this word, but I don’t know what it means.

I have occasionally seen/heard this word and I know what it means in context, but I

2 could not provide a definition for it.

3 I have frequently seen/heard this word and I know what it means in context, but I could
not provide a definition for it.

4 I have frequently seen/heard this word, I know what it means, and I can provide a

definition for it.

This familiarity task was completed after Experiment 1 but before the training phase for
Experiment 2 (described below). This was done so as not to influence the results of Experiment 1
with the words in the familiarity judgments. If participants had taken the word familiarity task

before Experiment 1, they may have activated the lexical item in Experiment 1 despite hearing
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only the first half of the word. Since Experiment 1 was designed to by-pass lexical access, this
was an undesired effect. The familiarity rating could also not be conducted at the end of
Experiment 2, since L2 learners’ experience with the words used in Experiment 2 (on which they
were trained prior to Experiment 2) could have influenced their ratings. Therefore, the word
familiarity task was conducted after Experiment 1 but before the training for Experiment 2.

The mean word familiarity ratings for target and competitor words in the tonal and
segmental conditions are reported in Table 6. As can be seen from Table 6, the word familiarity
ratings for each of the conditions were very similar. The same is true of targets and competitors
within and between conditions. Thus, any effect of condition in the eye-tracking experiment
cannot be due to differences in the L2 listeners’ familiarity with the words. It is also worthwhile
noting that familiarity was generally very high for both the tonal and segmental conditions.
Paired samples t-tests did not yield a significant difference between the targets or competitors

between the two conditions (targets t(351)=0.45, p> 0.1, competitors t(351)=0.23, p> 0.1).

Table 6: Average word familiarity ratings for target and competitor words by condition

Tonal Segmental
Target Competitor Target Competitor
Mean 3.15 3.11 3.11 3.09
SD 1.30 1.36 1.38 1.31
Condition Mean 3.10 3.13
Condition SD 1.34 1.33
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6.2.3.2. WORD-PICTURE ASSOCIATION TRAINING

After the word familiarity task, participants completed a training phase in which they learned the
128 word-picture associations for the eye-tracking experiment. This training served two
purposes: (i) to familiarize participants with the words and word-picture parings; and (ii) to
familiarize participants with the talker’s voice and pitch range, and to encourage them to tune in
to pitch cues, as duration had been normalized. In this way, participants were not expecting
duration as a cue to tone identity in the main experiment.

The training included a familiarization phase and a test phase. The familiarization phase
was completed over the course of two days. In the first familiarization portion, participants saw
the pictures and heard the words associated with them, one by one. Participants simply pressed
the space bar to move on to the next word and were instructed to try to remember the
associations. All items were presented twice, after which participants were asked if they would
like to see the items again. Participants could look at the pictures as many times as they wished.

On the second day of testing (at least 5 days after the first day), participants completed
the familiarization again. Participants first repeated the familiarization from day 1. Once they
were confident they knew the word-picture correspondences, they were tested on these
correspondences. There were four blocks to the test phase. Each block showed the same 32
pictures in each trial, with each picture labeled with a letter (a-z) or number (1-6). The pictures
corresponding to the critical word pairs (tonal or segmental) appeared together in the same
display of 32 pictures to ensure that the participants could distinguish the target from the
competitor items. In a given trial, one word was heard, and participants were instructed to enter

the letter or number that identified the corresponding picture.
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Feedback was given after every trial of the test phase. If the response was correct,

participants saw “CORRECT X}~ written on the screen above the correct picture. The word was

also repeated auditorily. If the response was incorrect, the participant saw “Incorrect, the correct

picture was... NXf, XFfj&...” above the correct picture, and the correct word was heard.

Items in the test phase were repeated only if an incorrect response was given in that block. This
means that if the participant gave an incorrect response, the entire block was repeated, up to a
maximum of three times. Once participants were able to reliably select the correct picture for
every word, or the maximum number of block repetitions had been reached, the eye-tracking
portion of the experiment began. All tasks were implemented using the software PsycoPy

(Peirce, 2007) on a MacBook Pro.

6.2.3.3. EYE-TRACKING EXPERIMENT

The experiment was compiled using Experiment Builder software (SR Research). Participants’
eye-movements were recorded with a desktop EyeLink 1000 Eye Tracker (Beijing, China), a
tower mounted EyeLink 1000 Plus Eye Tracker (College Park, MD), and a head-mounted
EyeLink II (Lawrence, KS) (SR Research), each recording at 250 Hz (1 eye movement recorded
every 4 milliseconds). The experiment began with a calibration of the participants’ left pupil and
corneal reflection. This calibration was followed by the practice session. After the practice
session, participants were encouraged to ask any questions they had. Written instructions were
presented in English and Simplified Chinese. The main experimenter, a native English speaker
and L2 speaker of Chinese, gave verbal instructions and answered questions in the language

preferred by the participant. After any questions were answered, the experiment began.
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Figure 9 illustrates the procedures for a single trial of the experiment. A trial began with
four images appearing on the screen in a non-displayed 2x2 grid. The images remained on the
screen for 2,000 ms (preview time). This time allowed participants to pre-activate the names for
each of the pictures and to familiarize themselves with their locations. No auditory stimulus was
heard during this presentation. After the 2,000 ms preview, the images disappeared, and a
fixation cross appeared in the middle of the screen for 500 ms. As the fixation cross disappeared,
the images reappeared on the screen in the same locations as during the preview, and an auditory
stimulus was heard though headphones. This auditory stimulus was the target word for that trial,
heard in isolation. Participants were instructed to click on the picture that matched the spoken
word as quickly as possible. Once the participant clicked, a blank screen appeared for 700 ms,
after which the next trial began. Both eye-movements (recorded from the target-word onset in

the auditory stimulus) and selection accuracy were recorded.
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Figure 9: Experiment 2 trial procedure

6.2.4. DATA ANALYSIS

Both eye movements as well as accuracy rates in selecting the target object were recorded.
Accuracy was 100% in both conditions for native Chinese listeners; as a result, no data were
excluded from native listeners’ results. For L2 learners, accuracy was 93.6% in the tonal
condition and 97.8% in the segmental condition (when L2 learners were inaccurate, they
clicked on the competitor or distracters, or they did not click on any object).

Trials for which the target object had not been correctly identified or trials which
generated no response from the participants were excluded from the eye movement analyses.
Excluding the trials for which the target object had not been correctly identified or trials which
generated no response resulted in a loss of 4.3% of the L2 data, 3.2% was from the tonal
condition and 1.1% was from the segmental condition. Of the remaining trials, any trials for

which the learner did not reliably identify the target or competitor picture in the training phase
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(<50% accuracy) were excluded, resulting in an additional exclusion of 18.6% of the L.2 data,
8.4% was from the tonal condition and 10.2% from the segmental condition. For the remaining
trials, fixations in a pre-determined interest area around each picture were included and analyzed.

GCA was used to analyze the eye-tracking fixations. GCA has recently been suggested as
a method for analyzing time-course data, making it ideal for eye-tracking research (Mirman,
2014; Mirman et al., 2008). One important concern with using methods such as ANOVA is that
by including time in the analysis, the assumption of independence of observations is violated:
Given that the proportion of fixations to target at one time point is related to the proportion of
fixations to target at the next time point, analyses such as ANOVAs violate the assumption of
independence of the observations. As a result, GCA has been used in several recent eye-tracking
studies (e.g., Magnuson et al., 2007; Malins & Joanisse, 2010; Tremblay et al., 2016).

The important effects for these analyses include the effect of condition, equivalent to a
simple effect, and interactions between condition and time. A significant effect of condition and
no interaction with time would indicate a timing difference between the tonal and segmental
conditions,” such that the shapes of the two fixation curves are the same, but due to a horizontal
shift, one condition has on average higher proportions of target fixations than the other (i.e., if
the fixation curves in the two conditions have the same shape but one is shifted horizontally in
time, this will result in higher proportions of fixations in the condition where the proportions of
target fixations rise earlier). This would indicate that the information being used to identify the
target in the condition where proportions of target fixations rose first would be used earlier than
in the other condition. Alternatively, a non-significant effect of condition together with an
interaction between condition and any of the time terms would suggest that while the two

conditions have on average equal proportions of target fixations, the fixation lines differ in

't is also possible that this could be due to baseline effects that persist into the critical word.
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shape. This could indicate that although the two types of information are used at the same stage,
they are used in different ways, and possibly with different speeds, depending on the time term
with which condition interacts. Finally, a simple effect of condition and an interaction between
condition and time could be seen, but in such a case additionally analyses may need to be
conducted.

If a simple effect of condition and interactions with time occur, it is unclear if the effect
of condition is due to the interactions with time. Imagine two lines with drastically different
slopes with the same intercept. These lines would show both an effect of condition (since overall
one line has higher values than the other) and interactions with time (one line has a more positive
slope than the other). In this case, the effect of condition, while significant, does not indicate that
the lines are shifted in time, and is simply reflecting the larger difference in values over the
whole time window due to the differences in the slope. For this reason, if the results pattern with
an effect of condition and interactions with time, a follow up linear mixed-effects model using
various time windows would be needed to investigate timing independent of speed.

The data onset was the onset of the word, excluding a 200-ms baseline for the time it
takes to plan and launch a saccade (Hallett, 1986). From there, the GCA was conducted over a
time period of 750 ms. Each stimulus had a total duration of exactly 524 ms; hence, this window
includes the whole word and 226 ms after the word offset. This window was selected to include
the time from the onset of the word to where the fixation lines plateaued at their highest level.
Graphs of the full time window including the baseline to 1,000 ms are provided in Appendix G.

In the event of an interaction with condition and time, an additional analysis would be
needed to more carefully determine the timing of use of tones and segments. An interaction with

time could cause an additional effect of condition. This effect of condition would be interpreted
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as a timing effect by itself; however, given the interaction with time, this timing effect would be
unreliable. In this case, a secondary analysis would be conducted using time windows to
ascertain the initial point where the target and competitor fixations diverge. This analysis would
not be influenced by the speed effect, and would more precisely determine the timing of use of

tones and segments if the results of the GCA are inconclusive.

6.2.5. RESULTS

The proportions of target fixations were analyzed with GCA (Mirman, 2014) using the
Ime4 (Bates et al., 2015) and LMERConvenienceFunctions (Tremblay & Ransijn, 2015)
packages in R (R Core Team, 2013). First, in order to investigate each group’s use of tones and
segments, separate models were run on L1- and L2-Chinese listeners. These models included the
effects of condition, time, and all interactions. The segmental condition served as the baseline to
which all comparisons were made. The model also included random effects of participant on all
time terms. The most complex model was evaluated using the backward fit function
bfFixfLMER F.fnc of the LMERConvinienceFunctions package (Tremblay & Ransijn, 2015),
which uses log-likelihood ratio to test improvements to the model. Only the results of the model
with the best fit are presented, with p values being calculated using the /merTest package

(Kuznetsova et al., 2016).
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6.2.5.1. NATIVE CHINESE LISTENERS

Figure 10 shows Chinese listeners’ proportion of fixations to target, competitor, and distracters
over the time window of the analysis. The shaded area represents one standard error above and

below the mean.
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Figure 10: Native Chinese listeners’ proportion of target, competitor, and distracter fixations,
with fixations in the tonal condition in black and fixations in the segmental condition in red.
Time in milliseconds is presented on the x-axis and proportion of fixations is presented on the y-
axis. The shaded region represents =1 standard error of the mean.

Figure 11 shows Chinese listeners’ actual and predicted proportions of target fixations in

the segmental and tonal conditions. The solid lines represent the actual fixations and the dashed
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lines represent the fixations predicted by the model listed in Table 7 (presented next). The shaded

area represents one standard error above and below the mean.
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Figure 11: Native Chinese listeners’ predicted proportion of target fixations, with fixations in the
tonal condition in black and fixations in the segmental condition in red. Time in milliseconds is
presented on the x-axis and proportion of fixations is presented on the y-axis. The shaded region
represents =1 standard error of the mean.

The GCA on Chinese listeners’ proportions of target fixations with the best fit included
the fixed effect of condition and its interaction with the linear, quadratic, and cubic time terms.

As a reminder, the segmental condition served as the baseline. The results of this GCA are

provided in Table 7.
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Table 7: Results of GCA on native Chinese listeners’ proportion fixations to target

Estimate  Std. Error ¢ value P(>F)
Intercept 0.45 0.01 33.46 <.001
Linear 1.54 0.09 17.15 <.001
Quadratic 0.14 0.06 2.38 .026
Cubic —0.25 0.05 —4.99 <.001
Condition 0.04 0.00 11.90 <.001
Linear : Condition 0.43 0.03 15.04 <.001
Quadratic : Condition -0.17 0.03 —6.07 <.001
Cubic : Condition —0.09 0.03  -3.28 .001

Significance codes (“***” < .001, “**” < .01, “*7<.05)

As shown in Table 7, the significant effect of the linear term with a positive estimate
indicates that native listeners’ proportion of target fixations in the segmental condition had a
positive linear trend. The significant effect of the quadratic term with a positive estimate
indicates that the proportion of target fixations in the segmental condition had a convex (i.e., U)
shape. The significant effect of the cubic term with a negative estimate indicates that the
proportion of target fixations in the segmental condition had a canonical S-shape. The effect of
condition was significant with a positive estimate, indicating that collapsing across time, the
proportion of target fixations was higher in the tonal compared to segmental condition. The
interaction between condition and the linear term was significant with a positive estimate,
indicating that the tonal condition had a more positive slope than the segmental condition. This
means that the rate at which participants increased their proportion of target fixations was faster
in the tonal condition compared to the segmental condition. The interaction between condition
and the quadratic term with a negative estimate indicates that the fixation curve was less U-
shaped in the tonal condition than the segmental condition. The interaction between condition
and the cubic term with a negative estimate indicates that the fixation curve had a more

exaggerated canonical S-shape in the tonal condition than in the segmental condition.
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The effect of condition suggests that native Chinese listeners use tones before they use
segments; however, in the presence of interactions with time, this conclusion is unstable and will
be more appropriately investigate in 6.2.7 with a separate analysis. The results also support the
conclusion that native Chinese listeners’ speed of use of tonal information was faster than their

speed of use of segmental information.

6.2.5.2. SECOND LANGUAGE CHINESE LISTENERS

Figure 12 shows the proportions of fixations to target, competitor, and distracters over the time
window of the analysis for English-speaking L2 learners of Chinese. The shaded area represents

one standard error above and below the mean.
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Figure 12: Second language Chinese listeners’ proportion of target, competitor, and distracter
fixations, with fixations in the tonal condition in black and fixations in the segmental condition
in red. Time in milliseconds is presented on the x-axis and proportion of fixations is presented on

the y-axis. The shaded region represents =1 standard error of the mean.

Figure 13 shows L2 learners’ actual and predicted proportions of target fixation in the segmental

and tonal conditions. The solid lines represent the actual fixations and the dashed lines represent

the fixations predicted by the model listed in Table 8 (presented next). The shaded area

represents one standard error above and below the mean.
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Figure 13: Second language Chinese listeners’ predicted proportion of target fixations, with
fixations in the tonal condition in black and fixations in the segmental condition in red. Time in
milliseconds is presented on the x-axis and proportion of fixations is presented on the y-axis. The
shaded region represents +1 standard error of the mean.

The model with the best fit included the fixed effect of condition and its interaction with

the linear, quadratic, and cubic time terms. Recall that the segmental condition served as the

baseline to which all comparisons were made. The results of the GCA are provided in Table 8.
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Table 8: Results of GCA on second language Chinese listeners’ proportion fixations to target

Std.

Estimate Error tvalue P(>F)
Intercept 0.38 0.03 14.64 <.001
Linear 0.69 0.19 3.57 .002
Quadratic -0.12 0.12 -1.01 324
Cubic 0.06 0.12 0.50 .619
Condition 0.03 0.00 6.06 <.001
Linear : Condition 0.43 0.05 9.37 <.001
Quadratic : Condition 0.26 0.05 5.76  <.001
Cubic : Condition —0.29 0.05 —6.34 <.001

Table 8 shows that there was a significant effect of the linear term with a positive
estimate, indicating that L2 learners’ proportion of target fixations in the segmental condition
had a positive linear trend. The effects of the quadratic and cubic terms were not significant,
which indicates that L2 learners’ fixation line in the segmental condition did not have U or S
shape. The effect of condition was significant with a positive estimate, indicating that collapsing
across time, the proportion of target fixations was higher in the tonal condition compared to the
segmental condition. The interaction between condition and the linear term was significant with
a positive estimate, indicating that the fixation line in the tonal condition had a more positive
slope than that in the segmental condition. This means that the rate at which participants
increased their proportion of target fixations was faster in the tonal condition than in the
segmental condition. The interaction between condition and the quadratic term with a negative
estimate indicates that the fixation curve in the tonal condition was less U-shaped than that in the
segmental condition. The interaction between condition and the cubic term with a negative
estimate indicates that the fixation curve in the tonal condition had a more exaggerated canonical
S-shape than in the segmental condition.

The effect of condition suggests that second language Chinese listeners use tones before

they use segments; however, in the presence of interactions with time, this conclusion is again
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unstable, and does not seem likely given the graphs. This timing effect will be more
appropriately investigated in 6.2.7. The results support the conclusion that, like native listeners,
second language Chinese listeners’ speed of use of tonal information was faster than their speed

of use of segmental information.

6.2.6. NATIVE VS. SECOND LANGUAGE LEARNER COMPARISONS
In order to investigate the difference in the use of tones and segments between L1- and L2-
Chinese listeners, a large model was conducted that included the effects of condition, group,
time, and all interactions. Given that three-way interactions with time are difficult to interpret,
this analysis serves the purpose of looking for a three-way interaction that would justify running
GCAs separately for each condition. The segmental condition for native listeners served as the
baseline to which all comparisons were made. The model also included random effects of
participant on all time terms. The most complex model was evaluated using the backward fit
function bfFixfLMER_F.fnc of the LMERConvinienceFunctions package (Tremblay & Ransijn,
2015), which uses log-likelihood ratio to test improvements to the model. Only the results of the
model with the best fit are presented, with p values being calculated using the /merTest package
(Kuznetsova et al., 2016).

The model with the best fit included the fixed effects of condition and group, their
individual interactions with all time terms, and a three-way interaction between condition, group,

and the quadratic time term. The results of this GCA are provided in Table 9.
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Table 9: Results of GCA on native and second language Chinese listeners’ proportion fixations

to target

Estimate Std. Error t value P(>F)
(Intercept) 0.44 0.02 24.87 <.001
Linear 1.41 0.10 13.53 <.001
Quadratic 0.17 0.08 2.09 .043
Cubic —0.14 0.05 -3.00 .004
Condition 0.04 0.00 8.71 <.001
Group —0.06 0.03 -2.27 .029
Linear : Condition 0.45 0.03 14.16 <.001
Quadratic : Condition —0.18 0.04 —4.55 <.001
Cubic : Condition —0.13 0.03 —4.28 <.001
Linear : Group —0.60 0.14 —4.45 <.001
Quadratic : Group —0.26 0.12 -2.27 028
Condition : Group —0.02 0.01 -3.81 <.001
Quadratic : Condition : Group 0.32 0.06 4.98 <.001

The significant interaction between condition, group, and the quadratic time term

suggests that the two groups differed in the effect of condition they showed in relation to the

time terms. For this reason, GCAs will be conducted separately for the two groups to investigate

how Chinese and English listeners use tones and segments.

Figure 14 shows the proportions of fixations to target, competitor, and distracters for

native Chinese listeners and English-speaking L2 learners of Chinese, with the segmental

condition in the left panel and the tonal condition in the right panel. The shaded area represents

one standard error above and below the mean.
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Figure 14: Native and second language Chinese listeners’ proportion target, competitor, and
distracter fixations with fixations of native listeners in black and the second language listeners in
red. The segmental condition is represented in the left panel and the tonal condition is
represented in the right panel. Time in milliseconds is presented on the x-axis and proportion of
fixations is presented on the y-axis. The shaded region represents +1 standard error of the mean.
In order to compare Chinese and English listeners on their use of tones and segments in
word recognition, two follow-up analyses were conducted looking at the effect of group
separately for the tonal condition and segmental condition. For these models, native listeners

were the baseline to which all comparisons were made. The segmental model will be discussed

first, followed by the tonal model.
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Figure 15 shows the actual and predicted proportions of target fixations for native
Chinese listeners and English L2 learners of Chinese in the segmental condition. The solid lines
represent the actual fixations and the dashed lines represent the fixations predicted by the model

in Table 10 (presented next). The shaded area represents one standard error above and below the

mean.
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Figure 15: Native and second language Chinese listeners’ predicted proportion of target fixations
in the segmental condition, with fixations of native listeners in black and fixations of second
language learners in red. Time in milliseconds is presented on the x-axis and proportion of
fixations is presented on the y-axis. The shaded region represents +1 standard error of the mean.
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The model with the best fit included the fixed effect of group and its interaction with the

linear time term. As a reminder, the native Chinese listeners served as the baseline to which all

comparisons were made. The results of this GCA are provided in Table 10.

Table 10: Results of GCA on native and second language Chinese listeners in the segmental

condition
Std.
Estimate Error t value P(>F)
Intercept 0.45 0.02 21.48 <.001
Linear 1.33 0.11 12.21 <.001
Group —0.09 0.03 —2.86 0.007
Linear : Group —0.62 0.16 -3.90 <.001

Table 10 shows that there was a significant effect of the linear term with a positive

estimate, indicating that Chinese listeners’ proportion of target fixations had a positive linear

trend. Neither the quadratic term nor the cubic term improved the fit of the model, which

indicates that Chinese listeners’ fixation line did not have a U or S shape. The effect of group

was significant with a negative estimate, indicating that collapsing across time, the proportion of

target fixations was lower for L2 learners compared native listeners. The interaction between

condition and the linear term was significant with a negative estimate, indicating that the

proportion of target fixations had a less positive slope for L2 learners than for native listeners.

This means that the rate at which participants increased their proportion of target fixations in the

segmental condition was slower for L2 learners compared to native listeners.

Figure 16 shows the actual and predicted proportions of target fixations for native

Chinese listeners and English L2 learners of Chinese in the tonal condition. The solid lines

represent the actual fixations and the dashed lines represent the fixations predicted by the model
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listed in Table 11 (presented next). The shaded area represents one standard error above and

below the mean.

1.00

o

N

ol
1

Proportion of Fixations
o
0
o

0.25+

0.00-— i i i
0 200 400 600

Time (Ms)

— L1 Chinese = L2 Chinese

Figure 16: Native and second language Chinese listeners’ predicted proportion of target fixations
in the tonal condition, with fixations of native listeners in black and fixations of second language
learners in red. Time in milliseconds is presented on the x-axis and proportion of fixations is
presented on the y-axis. The shaded region represents £1 standard error of the mean.

The model with the best fit included the fixed effect of group and its interaction with the

linear time term. As a reminder, the native Chinese listeners served as the baseline to which all

comparisons were made. The results of this GCA are provided in Table 11.
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Table 11: Results of GCA on native and second language Chinese listeners’ in the tonal
condition

Estimate Std. Error t value P(>F)
Intercept 0.48 0.02 24.30 <.001
Linear 1.89 0.15 12.63 <.001
Cubic —0.28 0.06 —4.53 <.001
Group —0.08 0.03 —2.77 0.008
Linear : Group —0.64 0.20 -3.14 0.003

Table 11 shows that there was a significant effect of the linear term with a positive
estimate, indicating that Chinese listeners’ proportion of target fixations had a positive linear
trend; there was also a significant effect of the cubic term with a negative estimate, indicating
that Chinese listeners’ proportion of target fixations had a canonical S shape. The effect of the
quadratic term did not improve the fit of the model. The effect of group was significant with a
negative estimate, indicating that collapsing across time, the proportion of target fixations was
lower for the L2 learners compared to native listeners. The interaction between condition and the
linear term was significant with a negative estimate, indicating that the proportion of target
fixations had a more negative slope for L2 learners than the native listeners. This means that the
rate at which participants increased their proportion of target fixations in the tonal condition was

slower for L2 learners than for native listeners.

6.2.7. TARGET-COMPETITOR DIVERGENCE POINT

In order to investigate the timing of use of tones and segments in lexical access more
directly, a second analysis was conducted to determine the target-competitor divergence
point, or the point in time where proportions of fixations to the target and to the competitor

diverge from each other and never cross again. This can be taken as the moment in time
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where participants first have enough of the acoustic information to look more at the target
than at the competitor. This point will give the ability to directly compare the timing of use
of tones and segments between native Chinese listeners and English L2 learners of Chinese.
This analysis was conducted in several steps. First, differential proportions of
fixations were calculated for use in the analysis by subtracting the proportions of competitor
fixations from the proportions of target fixations for every line of data. Chinese and English
listeners’ differential proportions of fixations are presented in Figure 17. In this figure, data
points below 0 reflect that participants were looking at the competitor more than the target;
points at 0 reflect equal proportion fixations to target and competitor; and points above 0
reflect that participants were looking more at the target than the competitor. This way of
analysing the data is ideal, in that the goal of this analysis is to find the point in time where

participants begin to look at the target more than the competitor.

109



0.75

= L1 Chinese Segmental

== L1 Chinese Tonal
=—+ L2 Chinese Segmental

==—+ |2 Chinese Tonal

o

0

S
1

Differential Proportion of Fixations
5
1

0.00

I I I
0 200 400 600
Time (Ms)

Figure 17: Differential proportion fixations for native Chinese listeners (solid lines) and English
L2 learners of Chinese (dashed lines) with fixations in the segmental condition represented in red
and the tonal condition represented in black. Time in milliseconds is presented on the x-axis and
differential proportions of fixations are presented on the y-axis. The shaded region represents +1
standard error of the mean.

In order to find the target-competitor divergence point, the time variable was divided
into 31 bins of 24 ms each. This bin size includes 6 points of data, since the data processing
script extracted a data point with a resolution of a measurement every 4 ms. Beginning with
the first time bin, linear mixed-effects models compared participants’ differential proportions of
fixations to 0 separately for the tonal and segmental conditions using the Ime4 package (Bates et
al., 2015). These models included group (native listeners vs. L2 learners) as the fixed effect and

item and participant as random effects. The target-competitor divergence point was then defined
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as the first of a continuous set of bins where the differential proportion of fixations were
significantly above zero. Although group is entered as a variable in the models, the models
actually output results separately for each group. These models made it possible to identify the
point at which participants were looking at the target significantly more than the competitor.
Table 12 reports the corresponding time in ms of the bin (ms values correspond to the
starting time point of the bin). Figure 18 displays the same results as in Figure 17, but with
lines added for each group and condition at the target-competitor divergence point for visual

comparison.

Table 12: Target-competitor divergence point in milliseconds by group and condition

L1 L2
Tonal 336 504
Segmental 384 408

Note: Time is presented in ms.
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Figure 18: Differential proportion fixations for native Chinese listeners (solid lines) and English
L2 learners of Chinese (dashed lines) with the segmental condition represented in red and the
tonal condition represented in black. Vertical lines represent the target-competitor divergence,
with for L1-Chinese listeners (red lines) and L2-Chinese listeners (black lines) with the tonal
condition represented in solid lines and the segmental condition represented in dashed lines Time
in milliseconds is presented on the x-axis and differential proportions of fixations are presented
on the y-axis. The shaded region represents =1 standard error of the mean.

These results reveal several interesting observations. Beginning with native listeners
(displayed in the red and black solid lines in Figure 18), we see a difference in the timing with
which target and competitor fixations diverge, with the divergence point being slightly earlier for
tonal items than for segmental items (by 48 ms). This indicates that tonal information may be
processed slightly earlier that segmental information, contrary to recent results (c.f., Malins &

Joanisse, 2010, 2012; Zhao et al., 2011). The effect of condition could indicate that across time,
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these two conditions are different in terms of proportion looks to the target. If there had been no
other effects, this effect of condition would have been interpreted as a timing effect; however,
since there were interactions with time, this effect of condition is insufficient to make the claim
that there is a timing-of-use difference between tones and segments. Alternatively, this difference
may instead be attributable to the speed difference found in the GCA analysis of native listeners’
proportions of target fixations. Since the proportion fixations to target rise faster in the tonal
compared to segmental conditions, this could cause the differential proportion fixations to target
to become significantly above 0 earlier than for the segmental condition. For this reason, no
timing difference between tones and segments is claimed for native listeners.

Looking at L2 learners’ data (displayed in the red and black dashed lines in Figure 18),
the opposite effect is seen, with target and competitor fixations diverging approximately 100 ms
later in the tonal condition than in the segmental condition. This indicates that although L2
learners’ target fixations accrue at a faster rate in the tonal condition than in the segmental
condition (as shown in the GCAs), L2 learners appear to begin using tonal information later than
segmental information. In other words, L2 learners’ proportion fixations to the target and
competitor diverge later for the tonal condition than for the segmental condition, but once it
diverges, the speed with which these proportions of fixations increase is greater for the tonal
condition than for the segmental condition. This means that L2 learners show a difference in both
the timing with which they use tonal and segmental information (i.e., tonal information begins
constraining lexical access later than segmental information) and in the speed with which they
use these two types of information (once tonal information begins constraining lexical access, it
does so more rapidly than segmental information). Comparing the Chinese and English groups,

the results in the segmental condition show very little difference in the timing by which the
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groups’ target and competitor fixations diverge, with only a 24-ms delay for L2 learners. The
greatest difference between the groups comes in the tonal condition, with L2 learners using tones
168 ms later than native listeners do. These results indicate that the timing by which L2 learners
process segments is native-like, but the speed at which they process tones differs from that of

native listeners from native listeners.

6.2.8. DISCUSSION

This chapter reported on a visual-world eye-tracking study comparing the use of tonal and
segmental information in Chinese online spoken-word recognition. Accuracy in selecting the
target over the competitor word and eye-tracking fixation data were collected, and GCA and
LME models were conducted on the fixation data to investigate how native Chinese listeners and
English-speaking L2 learners of Chinese use tonal and segmental information in lexical access.
The results presented in this section reveal several important effects. First, contrary to recent
work, differences between the processing of tonal and segmental information were found for
native Chinese listeners, with a definite speed advantage for the processing of words that differ
in tones compared to the processing of words that differ in segments. Second, L2 learners
showed later use of tones compared to segments, but nonetheless showed a speed advantage for
tones as compared to segments. Finally, comparing native listeners and L2 learners, several
interesting effects were found: the two groups showed comparable timing of use of segments, but
L2 learners showed a delayed use of tones compared to their own use of segments and compared

to native listeners’ use of tones. We now turn to a discussion of each of these findings.
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6.2.8.1. NATIVE CHINESE LISTENERS

The results of the present study for native Chinese listeners shed new light on the use of tonal
and segmental information in lexical access, and are not in line with the findings of previous
studies on this topic (Malins & Joanisse, 2010, 2012; Schirmer et al., 2005; Zhao et al., 2011).
The present study revealed two significant differences between tones and segments. Beginning
with the issue of timing, the results of the GCA model reported in Table 7 revealed a significant
effect of condition. This effect of condition could indicate that across time, these two conditions
are different in terms of proportion fixations to the target. If there had been no other effects, this
effect of condition would have been interpreted as a timing effect (in the absence of baseline
effects), with tones being used earlier than segments for both groups; however, since there were
interactions with time, this effect of condition is insufficient to make the claim that there is a
timing-of-use difference between tones and segments. Therefore, a second analysis was
conducted to directly investigate the timing of use of tones and segments in more detail.

This follow-up analysis investigated the timing by which target fixations diverged from
competitor fixations using time bins and comparing the differential proportion of fixations to 0.
This point can be taken as the first time bin where the proportion of target fixations increased
over the proportion of competitor fixations. Using this measure, the timing of initial use of tones
and segments was identified and compared. These results showed that tones were used
approximately 48 ms earlier than segments. This effect is in opposition to the conclusions of
recent works that found no timing difference between the use of tones and segments using both
eye-tracking and EEG measures (Malins & Joanisse, 2010, 2012; Schirmer et al., 2005; Zhao et
al., 2011); however, from the analysis conducted in this study, it is not possible to determine if

the observed timing difference between the use of tonal and segmental information is reliable.
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The difference in timing between the tonal and segmental conditions is numerically small, and
no statistical analyses were possible to determine if this numerically small difference is
significant; therefore, no solid claims can be made. 22 As such, it is not claimed that these results
counter the claims of studies finding no timing difference. Instead, it is more prudent to claim
that, like previous work, that tones are not used after segments in online spoken word recognition
measures (Malins & Joanisse, 2010, 2012; Schirmer et al., 2005; Zhao et al., 2011).

In terms of speed, the results of the current study are also not in line with those of
previous research. For native listeners, the results presented in Table 7 are in direct opposition to
the prediction that tones and segments would be used with the same speed. The GCA model
revealed that the proportions of target fixations had a steeper slope in the tonal condition
compared to the segmental condition. The increased slope of the fixation curve in the tonal
condition indicates that native listeners were able to use the tonal information to constrain the
lexical search more rapidly than they were able to use the segmental information. This means
that although tones and segments begin to influence the lexical search at similar times, the tonal
information constrains the lexical search more rapidly than the segmental information.

The discrepancy between the results of the present study and those of previous eye-
tracking research (Malins & Joanisse, 2010) is likely due to a difference in the degree of
controls. The current study more tightly controlled the timing of the arrival of information by
selecting tonal and segmental pairs that disambiguated with the same duration of acoustic input.
Recall from the norming study that the syllable pairings selected for this study did not differ in
the timing by which native Chinese and naive English listeners were able to discriminate the
pairs. The segmental items used in Malins and Joanisse (2010) included pairs from the four

hypothesized segmental disambiguation timings and the two hypothesized tonal disambiguation

*? For learners however, this difference is numerically very large, and is more likely to be reliable.
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timings used in the norming study. The present work also controlled the onsets of the target word
so as to only have non-sonorant-initial words. This controlled the timing of the arrival of the
tonal information, since onsets like [m] would carry tonal information, whereas onsets like [p]
would not. The stimuli in Malins and Joanisse (2010) included both sonorant-initial and non-
sonorant-initial words, which makes the arrival of the tonal information variable (i.e., earlier for
sonorant-initial words and later for non-sonorant-initial words). It is possible that this variation in
the materials in Malins and Joanisse (2010) resulted in the speed advantage of tones being
masked in their study.

One possible explanation for the underlying cause of this tonal advantage can
immediately be ruled out. Since the word frequencies between targets and competitors were
controlled within and between conditions, the greater accrual of proportions of target fixations in
the tonal condition than in the segmental condition cannot be due to the relative frequency of the
words in the tonal and segmental conditions.

A second possibility is that this difference may be related to the number of competitors
removed from the lexical search when processing tonal information as compared to when
processing the rime portion of a word. There are only four lexical tones in Chinese, and as many
as 36 rimes (Chen et al., 2004). Recall that the norming study investigated the duration of
acoustic input needed to discriminate pairs of tones and rimes, and the stimuli for the eye-
tracking experiment were selected so that the tonal discriminations could be made with the same
amount of acoustic information as the segmental pairs. When thinking about the incremental
process of eliminating lexical competitors, tones may have an advantage over segments.
Beginning with segments, recall that the segmental pairs all took the form of the items sharing an

initial consonant and onglide vowel (either [i] or [u]), and the difference between the target and
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competitor came in the vowel directly following the onglide. In all of these cases, however, at
the point where the processor has accumulated enough information to be certain of the initial
onglide being heard, the rime could still continue in 3 to 10 different ways depending on the
vowel. For example, the vowel [i] could continue as [ia], [ian], [iag], [iau], [ie], [in], [in], [ion],
[1uo] or simply continue as [i]. Even if we assume some co-articulation between the vowels, for
example, determining from the onset of [i] that the sequence of onglide and following vowel is
[1a], the rime could still continue as [ian], [ian], [iau], or simply as [ia]. All of the words that
correspond to all of these rime continuations may all compete for selection with the target word
being heard. This would increase lexical competition and slow down word recognition.

For tones, on the other hand, the amount of competition is quite different. Remember that
all of the tone pairs disambiguated at their onsets. This means that upon perceiving the initial
consonant and first portion of the vowel and pitch height information, two tones can already be
excluded from the lexical search. If the early pitch is high, the tone cannot be Tone 2 or Tone 3,
both of which begin with a low pitch; the only options compatible with the signal are Tone 1 and
Tone 4. This allows the processor to exclude half of the lexical items based on initial pitch height
alone. For segmental contrasts on the other hand, upon perceiving the initial consonant and first
portion of the vowel certainty of the onglide does not mean that only words with that rime will
be activated, since there are anywhere from three to ten rimes that will have that share that initial
onglide Therefore, upon being certain of the consonant and initial portion of the vowel, all rimes
with that onglide, and all words with those rimes, will compete with the target for selection. This
drastic removal of lexical candidates for tones, and more gradual removal of lexical candidates
for rimes, may be what allow have robust representations s the proportions of target fixations to

rise more rapidly in the tonal condition than in the segmental condition.
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There are two assumptions crucial to this argument that need further discussion, both
dealing with the dynamics of competition due to lexical items not present in the eye-tracking
display. The first assumption is that lexical competition effects can be found even when no
competitor is present on the screen (e.g., when the target is presented with three distractor items):
Magnuson et al. (2007) showed that words from denser lexical neighborhoods were recognized
more slowly than words from sparser lexical neighborhoods, even when the neighbors (which
compete for lexical activation) were not displayed. This indicates that while competition between
items presented on the screen is arguably stronger, lexical items not presented in the visual
display can also compete for lexical access. Therefore, it is reasonable to assume that the overall
dynamics of the lexicon can come into play to explain the current speed advantage for tones
(Assumption 1).

The second assumption is that the items that are not in the display do not compete to an
equal extent. The explanations provided above suggested that in the tonal condition, only words
that have the same segments but differ in tones compete for lexical selection, whereas in the
segmental condition, only words that have the same tones but differ in segments compete for
selection. In other words, this explanation assumes that the lexical competitor present in the
display further narrows the lexical search to only words that overlap in segments (in the tonal
condition) or in tone (in the segmental condition) (Assumption 2).

Table 13 illustrates the dynamics of lexical competition from words not included in the
display. This table shows an (intentionally unrealistically small) example cohort of words all
beginning with an initial consonant [p], with five different rimes listed in the rows, and the four
tones for each listed in the columns. Each lexical entry is provided in Pinyin on the left and in

IPA on the right. For example, for the target bal ([pal]) with a high tone and the competitor ba2
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([pa2]) with a rising tone (top shaded area of Table 13), only the words in Row 1 are assumed to

compete with each other, but when the processor identifies that the early pitch of the target is

high, words with Tone 3 and Tone 4 become excluded from the lexical search. In theory, the

non-displayed segmental competitors of the target bal ([pal]) and competitor ba2 ([pa2])

(bottom un-shaded area of Table 13) could also compete with the target, and so could words

with other rimes and tones (bottom shaded areca of Table 13). Their not competing as much thus

relies on the aforementioned Assumption 2.

Table 13: Example of on-screen/off-screen lexical competition dynamics

Tone 1 Tone 2 Tone 3 Tone 4
Rime 1 ba [pa] ba [pa] ba [pa] ba [pa]
Rime 2 bai [pai] bai [pai] bai [pai] bai [pai]
Rime 3 bao [pau] bao [pau] bao [pau] bao [pau]
Rime 4 ban [pan] ban [pan] ban [pan] ban [pan]
Rime 5 bang [pan] bang [pan] bang [pan] bang [pan]

When presented with a display of a tonal pair and a segmental pair, the participant cannot
a priori know which pair will be targeted. However, upon hearing the initial consonant, the
targeted pair becomes clear. After hearing the initial consonant [p], the processor knows that the
tonal pair of a target bal ([pal]) and a competitor ba?2 ([pa2]) are the relevant items, and that the
decision to be made is a tonal one, not a segmental one. Therefore, Assumption 2 is that the
target word pairs (which can be identified from the onset of the consonant) can alter the degree
to which non-displayed lexical items compete, such that off-screen tonal competitors with the
same segments (top un-shaded area of Table 13) will compete to a greater degree than either
off-screen segmental competitors with the same tones (bottom shaded area of Table 13) or off-

screen competitors with the rime-tone combinations (bottom un-shaded area of Table 13).
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If Assumption 2 holds, then when the initial high pitch of Tone 1 is perceived on the
target word bal ([pal]), then the activations of words with Tone 2 (the on-screen competitor)
and Tone 3 will be inhibited, and the activations of the target and a non-displayed Tone 4
competitor will rise, since both Tone 1 and Tone 4 have high initial pitch. Importantly, since
only Tone 1 and Tone 2 items are present in the display, the Tone 1 item will be correctly
selected and recognised. The off-screen segmental competitors will also compete, but they will
not compete to the same extent as the off-screen Tone 4 word that contains the same segments.
The initial consonant informed the processor that the decision to be made was about tones, not
segments, and so processor will give higher weight to tones in the lexicon.

This explanation of the results would be stronger, however, if it could be shown that the
target words used in the segmental and tonal conditions were balanced for the number of
possible rimes they can take. If the target words in the segmental and tonal conditions did not
differ in the number of possible rimes they can take, then the results found in this study could not
be attributed to this particular characteristic of the test items.

The SUBTLEX-CH Corpus (Cai & Brysbaert, 2010) was used to identify all the possible
unique syllables of Chinese. From there, the number of rime+tone combinations for each onset
was calculated (e.g., the initial [p] occurs with a total of 54 rime+tone combinations). Then, each
stimulus used in the experiment was coded as the number of possible rime+tone combinations
based on the word onset (e.g., all items with the initial [p] were coded as 54). These codings
were then summed separately for each condition. The results are presented in Table 14. A paired
samples #-test did not yield a significant difference between the two conditions (t(15)=—0.36, p>

0.1).
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Table 14: Summed totals of the number of rime+tone combinations by condition

Condition Sum
Segmental 705
Tonal 689

This analysis shows that the number of possible rime+tone combinations was not
significantly different between the segmental and tonal conditions. This means that the speed
effect seen in Experiment 2 is likely not due to the target words in the segmental condition
having more possible rime continuations than those in the tonal condition. Although this does not
provide direct evidence in support of Assumption 2, it rules out that the observed speed
difference between the tonal and segmental conditions is due to a lack of control in possible rime
continuations of the target word. We thus propose that the information in the visual display helps
narrow down the lexical search outside of that display, but this will have to be tested in further
research.

One remaining effect that needs to be discussed is the early boost to competitor fixations,
as seen in Figure 10. From about 0 to approximately 200 ms (not including the baseline), the
segmental competitor fixation line was well above the fixation lines for all other objects
presented on the screen. This numerical increase in proportions of competitor fixations would
have to mean that participants were more likely to look at the competitor item than the target
item in the segmental condition, but only for the first 200 ms of the word. This early increased
proportions of competitor fixations in the segmental condition could be considered problematic,
in that it may have contributed to the speed difference observed between the tonal and segmental
conditions.” However, we argue that this early difference is not what caused the observed speed

difference between tones and segments. First, the same speed effect is seen for L2 learners, who

 Special thanks to Dr. James Magnuson for a helpful discussion of this effect
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do not show an early boost in segmental competitor fixations. Second, further inspection
revealed that only two individual participants are responsible for this early advantage for
competitor fixations: These participants began looking, and continued looking, at the competitor
item, with proportions of competitor fixations ranging from 0.5 to 0.75. This bias to look at the
competitor items visually differed from other participants’ proportions of competitor fixations,
which were at chance (0.25). A secondary analysis excluding these two participants confirms
that this competitor boost was driven by these two participants (updated data visualizations
reveal no early increase in proportions of competitor fixations in the segmental condition), and
the interaction between condition and the linear time term remains significant even when these
two participants are excluded (see Appendix G for graphs and GCA results), suggesting that this
early competitor boost is not responsible for the observed speed difference between the tonal and
segmental conditions.

The present results make a very concrete prediction that could be tested in other
languages: It predicts that the number of tones compared to segments (possible rimes) in any
given language should mediate the slope difference in eye-fixation data in a predictable way. For
example, a language with more tones but the same number of rimes as Chinese should show a
more comparable slope between tones and segments; however, a language with a similar number
of tones but more rime possibilities should show a more exaggerated tone speed advantage.
Future work should investigate these issues with other tonal languages to see if this speed
difference of tones is indeed modulated by the ratio of tones to rimes, which would help to
confirm this possible explanation. If this speed effect cannot be attributed to a differing number

of competitors being removed from the lexical search, then more exploratory studies combined

123



with computational modelling would likely be the most informative method for discovering the
underlying cause of the speed difference found by the current work.

The discrepancy between the results of the present study and those of previous eye-
tracking research (Malins & Joanisse, 2010) may again be due to the tighter control of the stimuli
in the present study. The greater variability in Malins & Joanisse’s (2010) stimuli may have
masked the speed-of-use difference observed between the tonal and segmental conditions in this

study.

6.2.8.2. SECOND LANGUAGE CHINESE LISTENERS

The results presented in this chapter also included a group of L2 learners of Chinese.
Previous priming research with L2 learners would have predicted that L2 learners would
show equal timing of use between tones and segments and equal speed of use (Sun, 2012).
By contrast, previous work with L2 learners’ use of segments that exist in the L2 but not in
the L1 predicted the L2 learners would have difficulty using tones in online processing (e.g.,
Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011). In terms of comparing tones and
segments within the L2 group, the results showed that tonal information is used later than
segmental information, but once used, it constrains the lexical search faster than do
segments.

Beginning with the accuracy with which participants selected the target, the results
showed that learners were 93.6% accurate in the tonal condition and 97.8% in the segmental
condition. While learners’ accuracy rates were numerically worse in the tonal condition than in
the segmental condition, these accuracy rates were nonetheless very high. Sun (2012) reported

tonal accuracy of around 50% and segmental accuracy of about 74% in his priming task). There
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are several reasons for the higher accuracy reported in the present study. First, the L2 learners
were more proficient in Chinese, with L2 learners reporting an average of 4.5 years of instruction
and with a majority of them living/studying abroad in China at the time of testing (with Sun
(2012) reported that his L2 learners had approximately 3 years of instruction). Additionally, and
perhaps more importantly, because the L2 learners in the present study were trained on the word-
picture associations, they had prior exposure to the stimuli used in the experiment. This may
have increased their accuracy across the board and reduced the difference between their
performances in the segmental and tonal conditions.

In terms of the eye-tracking fixation data, effects of both timing and speed were
found. Beginning with timing, it was predicted that L2 listeners would either show native-like
timing of use of tonal information or they would show a delayed use of tones compared to
segments. Like with native listeners, for the L2 learners of Chinese, the words in the tonal
condition generated higher proportions of target fixations than the words in the segmental
conditions, indicating that tones were used later than segments in lexical access, however, this
effect is unreliable given the interactions with time. This effect of condition in the absence of
interactions with time would have indicated that tones were used earlier than segments for
second language learners. The results of the target-competitor divergence point analysis
presented in Table 12 and seen in Figure 18 revealed that in fact L2 listeners made later use
of tonal information than of segmental information (by approx. 100 ms), which supports the
second predicted possible outcome. This means that tones are beginning to constrain the
lexical search much later than segments are beginning to be used. Like research on L2
learners’ use of new segments (e.g., Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011),

these results suggest that L2 learners are having difficulty making efficient use of tones in

125



online word recognition; consequently, tonal information constrains the lexical search much
later than does segmental information.

These results are attributed to the fact that the L1 of the L2 learners is not a tone
language. The L2 segments in this study were selected so that they would map
straightforwardly onto L1 segments. By contrast, English does not have lexical tones. Thus,
learners must acquire four new tonal categories and use them in online spoken word
recognition. Whether L2 learners adapt their L1 stress system or use some other mechanism
to form tonal categories and process lexical tones, this seems to have the consequence of
delaying their use of this new information in lexical access. The segments used in this study,
which are similar between Chinese and English, were used on a native-like timescale, and it
is only the use of lexical tones that was delayed. For this reason, it is argued that the timing
of use of information is L1-dependent.

Although L2 learners used tones later than segments, this does not appear to be a
two-stage process like that described by Lee (2007). Recall that Lee (2007) suggested, based
on priming research with native listeners, that segments were used online to constrain the
word search and tones were used at a post-lexical selection stage. While this has been
shown not to be the case for native Chinese listeners’ use of tones, a two-stage process
could have been found for L2 listeners, with the new tonal categories being processed at a
post-lexical decision stage. In the present study, L2 learners used tones at about 500 ms into
the word (excluding the 200-ms baseline). Since the words in this experiment had a duration
of 524 ms, this indicates that the L2 learners were using the tonal information at around the
end of the word. Although this timing is close to the end of the word, it is still within the

word itself, which would indicate that this is likely not a post-lexical decision process;
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rather, the use of tonal information appears to be part of L2 learners’ spoken word
recognition process.

These results differ from the results of the other L2 lexical tone processing research
in several key respects. Recall that Sun (2012) concluded that English-speaking L2 learners
of Chinese used tones and segments on the same time scale. The difference between Sun’s
(2012) results and those of the present study is likely to stem from the different
methodologies used in the two studies. In Sun (2012), timing of use was established using
two ISIs, one of 50 ms and one 250 ms. The effects observed in the present research reflect
direct, simultaneous competition between two words, and these effects happen over the
course of the word. It is possible that the effects reported by Sun (2012) reflected the state
of the processing system after lexical access had been completed. In order to understand the
processes that underlie spoken word recognition, time-sensitive measures are essential, and
the temporal quality of eye-tracking is better suited to make timing claims than is priming.

With regards to the speed of use of tones and segments, perhaps surprisingly, the
same pattern that was observed with native listeners was also present for L2 learners: The
results in Table 8 show a steeper slope in the tonal condition than in the segmental condition
in the proportion fixations to target. The cause of this tonal speed advantage is believed to
be the same as for native listeners. This does not necessarily entail that the native listeners’
and L2 learners’ lexicons are identical, however; it merely suggests that the use of tonal
information more rapidly reduces the set of word candidates that compete for lexical access.

The conditions were controlled for frequency, but this frequency measure is more
likely to reflect the structure of native listeners’ lexicon than that of L2 learners. It would be

naive to assume that these frequencies hold for L2 learners as well, since their experience
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with Chinese is very different from that of native listeners. For this reason, word familiarity
data were collected to gain an understanding of the ‘frequency’ of these words in the L2
lexicon. If L2 learners were more familiar with the words in the tonal condition than with
those in the segmental condition, it could explain the speed effect found; however, L2
learners’ word familiarity ratings in the tonal and segmental conditions did not differ
significantly. L2 learners’ word familiarity ratings were also not significantly different
between targets and competitors, and between conditions, as shown in Table 6. Hence, the
speed-of-use difference between the tonal and segmental conditions cannot be due to L2
learners’ familiarity with the words used in the experiment. This speed difference can also
not be due to a difference in L2 learners’ ability to associate the pictures to the spoken
words in the segmental condition as compared to the tonal condition, since the words that
learners failed to reliably associate with the corresponding pictures in the training were
excluded from the data analysis. Finally, the speed difference cannot be attributed to the
greater accuracy in one condition over another, since trials where participants did not click
on the target were excluded from the analysis.

It is believed that this speed of use difference of tones and segments for native
listeners is due to an inherent property of the lexicon, namely the ratio of tones to segments
in the language. Given the high proficiency of the L2 learners, it is plausible that native
listeners’ and L2 learners’ lexicons have similar ratios of tones to segments. In other words,
L2 learners may have had enough exposure to Chinese for their lexicon to be similarly
structured as the lexicon of native Chinese listeners. We thus conclude that the ratio of tones
to segments in Chinese is what caused L2 learners to also show a speed advantage for the

processing of tones as compared to the processing of segments.
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Once again, these L2 results differ from the results of the other lexical processing
research with L2 learners of Chinese. Recall that Sun (2012) concluded that while L2
learners of Chinese were slower than native listeners to process tonal and segmental
information, there was no difference in the reaction times to tonal and segmental items. The
present work has shown that tones are used later, and once they begin to constrain the word
search, they constrain it much more rapidly than segments. Again, this discrepancy between
the two studies may be due in part to the greater sensitivity of eye-tracking to the time
course of lexical processing, to the different stimuli used in the two studies, and to the

different proficiency and lexical knowledge of the L2 learners in the two studies.

6.2.8.3. NATIVE VS. SECOND LANGUAGE CHINESE COMPARISON

When comparing native Chinese listeners and English L2 learners of Chinese, the results
reveal a mixture of the predicted outcomes. From the results of Sun (2012) it was predicted
that L2 learners would use tones and segments at the same time, but would process them
much more slowly than would native listeners. By contrast, from the research on the
processing of segmental contrasts that do not exist in the L1 (e.g., Broersma, 2002, 2005;
Broersma & Cutler, 2008, 2011), it was predicted that L2 learners would have difficulty using
tones compared to native listeners and compared to segmental information that can be
mapped onto L1 categories, in timing, speed, or both.

With regards to timing, the results of the present study are not in line with the results
of Sun (2012). The results presented in Table 12 and Figure 18 showed that L2 learners used
segmental information at almost at the same time as native listeners, with only a 24 ms

delay. This is in line with the results of Experiment 1, which showed comparable segmental
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performance across the groups. The segments chosen for this experiment existed in both
languages; hence, it is not surprising that L2 learners were able to use this information with a
native-like timing. L2 learners’ timing of use of tones, however, was not native-like, with L.2
learners beginning to use tones 172 ms after native listeners. This is a substantial delay that
would not have been predicted based on Sun (2012), who showed that L2 learners’ processing
of both the tonal and segmental contrasts was delayed in comparison to native listeners.

As previously discussed, L2 learners’ delay in the use of tonal information compared
to native listeners’ use of the same information is likely a consequence of L2 learners
having to create and use new tonal categories for online lexical processing. This could cause
difficulty for learners in processing the new lexical tones. Previous work on L2 learners’ use
of new segmental categories (e.g., Broersma, 2002, 2005; Broersma & Cutler, 2008, 2011)
suggested that when L2 learners have difficulty distinguishing between L2 phonetic categories,
they experience difficulty using this information to recognize the words, which leads to increased
lexical competition. The present results extend this conclusion to new categories in the
suprasegmental domain, and suggest that when L2 learners form new suprasegmental categories
these tonal categories may not have robust representations, and consequently they may not be
mapped efficiently from the speech signal to L2 learners’ lexical representations. As a result, the
mapping between speech signal and L2 lexical representations may not be as efficient as for
native listeners. As such, L2 learners may experience more difficultly in word recognition
compared to L2 segmental categories that can be mapped onto L1 categories; this difficulty
results in the delayed use of tonal information in constraining the lexical search.

As for the speed of use, the predicted outcome for L2 learners was slower overall

processing of both tonal and segmental information compared to that of native listeners. This
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effect was indeed found and can be seen most clearly in the differential proportion of target
fixations in Figure 17, where the slopes of both the tonal and segmental conditions were much
shallower for L2 learners than for native listeners.

The present results also solidified the distinction between timing and speed, in that the
timing of use does not predict the speed of use. That is to say, earlier does not necessarily mean
faster. While L2 learners are slower in using tonal information compared to native listeners
(likely due to unstable tonal representations), their lexicons are argued to be similar in structure,
and so the ratio of competitor removed from the search between tones and segments would be
similar for L1- and L2- Chinese listeners. This similarity would therefore cause tones to
constrain the lexical search faster than segments for both L1- and L2-Chinese listeners, even
though L2-listeners are slower than native listeners overall. This distinction is the clearest for the
L2 group. L2 learners processed segments earlier than tones, but once tones were used, they
more rapidly constrained the lexical search. Additionally, native listeners and L2 learners
showed comparable timing in the use of segmental information; these results are believed to be
due to the shared segments between the languages used in the task.

It is interesting to note, then, that whereas L2 learners began to use segmental
information at the same time as did native listeners, their speed of use of the same segments was
slower than that of native listeners. This suggests that, whereas the timing of use of information
in lexical access appears to be L1 dependent, the speed of use of the same information appears to
be L1 independent, with both segments and tones being slower to be used in L2 processing than
in native processing. This slower processing extends to categories that exist in the L1 (segments)
and categories that do not exist in the L1 (tones). Segments are also slower regardless of the

native-like timing of use: Whereas L2 learners begin to use segments to constrain the word
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search at the same time as native listeners, they are unable to use this information to constrain the
lexical search as rapidly as native listeners. In other words, although L2 learners are using
segmental information to begin constraining the lexical search at the same time (with the same
duration of acoustic in as native listeners, once this information is used, it does not constrain the
lexica search as rapidly as for native listeners.

This slower L2 processing is most likely due to increased lexical competition, as is
commonly seen in both L2 (new) segmental and suprasegmental processing (Broersma, 2002,
2005; Broersma & Cutler, 2008, 2011; Cutler & Otake, 1999; Cutler et al., 2006; Sebastian-
Gallés, Echeverria, & Bosch, 2005). This increased competition is likely due to weak
representations. However, in the case of English speakers learning Chinese, it may come as a
surprise that while they used segmental information with the same timing as native listeners, they
were still slower to use this information to constrain the lexical search compared to native
listeners. Even though L2 segments that could be mapped onto L1 segments were used in the
current work, it is possible that the mapping may not have been perfect (i.e., the L2 sounds may
differ phonetically, at least to some degree, from the corresponding L1 sounds). This may be the
reason why L2 learners showed slower use of segments (shallower slope of fixations to target)
than for native listeners. In other words, the mapping was sufficiently stable to result in a native-
like timing, but not perfect, and thus it may have resulted in some uncertainty on the part of the
learners, who then ended up showing more competition as compared to native listeners. In order
to understand if the slower speed of use is due to imperfect mappings between L1- and L2
sounds, or is simply due to timing being L1-independent, more detailed cross-linguistic acoustic
analysis of the sounds involved would be needed to see if the degree of difference between L1-

and L2 sounds predicts L2 learners’ speed of use.
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6.2.9. CONCLUSIONS

The results of the present eye-tracking study revealed several key findings. First, for both native
listeners and L2 learners, it was found that tones are used to constrain the lexical search more
rapidly than segments. Future work will be needed to determine the exact cause of this tonal
advantage, but whatever the cause, L2 listeners are sensitive to it as well. In terms of timing, it
was found that native listeners use tones slightly earlier than segments. By contrast, L2 learners
showed native-like timing of use of segments, but a substantial delay in the timing by which they
used tones compared to segments and compared to native listeners’ use of tones. This suggests
that the timing of use of information is dependent on the use of that cue in first language, while
timing is slowed in the second language regardless of whether or not the cue is used in the

listeners’ L1 or not.
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CHAPTER 7: GENERAL DISCUSSION AND CONCLUDING REMARKS

7.1. INTRODUCTION

The studies presented in the previous chapters investigated the categorization of tones and
segments and use of tones and segments in lexical access by native Chinese listeners and
English-speaking L2 learners of Chinese with a norming study to select materials, and two
main experiments.

Before the time-course of the categorization or use in lexical access of tones and
segments could be investigated, a norming study was conducted to select tone and rime
pairs that were optimally matched in their disambiguation timing. This study tested native
Chinese listeners and naive English listeners using a gated-AX discrimination task to
identify the duration of acoustic input needed for listeners to discriminate the tonal and
segmental pairs. Five tonal sets were included, including four early disambiguating sets and
one late disambiguating set for comparison. The segmental pairs fell into four hypothesized
disambiguation timings form early to late in order to best match a segmental set with the
early tonal sets in terms of disambiguation timing.

The results showed that for native Chinese listeners and naive English listeners, the
early tonal pairs best matched with the post-onglide segmental timing. The materials for
Experiment 1 were selected so as to fit the early tonal timing and the post-onglide segmental
timing so as to control as much as possible the low-level psycho-acoustic differences
between tone and vowel perception.

Experiment 1 focused on the time course of categorization of tones and segments
(rimes) and tested L1- and L2-Chinese listeners. This study aimed to investigate if L2
learners of Chinese had an initial advantage in categorizing tones that differ in onset pitch

and to investigate if tones were once again disadvantaged compared to segments. In order to
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investigate these two issues, a gated forced-choice identification task was used. The stimuli
were selected so as to fit the early tonal timing and the post-onglide segmental timing
determined from the norming study.

It was predicted that L2 learners would have an initial advantage over native listeners
given their superior use of pitch height in the perception of tones. The results showed that
while L2 learners appeared to show higher accuracy rates than native listeners in early
gates, this effect was not significant. As predicted, for segmental contrasts, L2 learners of
Chinese performed identically to native listeners, and both groups had higher accuracy on
segmental contrasts than on tonal contrasts.

Experiment 2 followed up on the results of Experiment 1 by investigating the use of
tones and segments in L1- and L2-Chinese listeners’ lexical access. Experiment 1 revealed
no differences between L1- and L2-Chinese listeners’ categorization of tones and segments;
however, this task was offline, non-lexically focused, and meta-linguistic in nature, leaving
open the question of whether L2-Chinese listeners would perform natively in online lexical
processing. Experiment 2 therefore investigated the use of tones and segments in an online,
lexically focused, and unconscious measure to determine if L2-Chinese listeners were still
able to perform similarly to native speakers, and if not, in what ways did their use of tones
and segments differ from native listeners. By using visual-world eye-tracking, both the
timing of use and the speed of use of tones and segments were investigated for L1- and L2-
Chinese listeners.

The results of Experiment 2 showed that for native listeners, tones were used at
about the same time as segments. However, tones showed a distinct advantage in terms of

the speed of use, constraining the lexical search more rapidly than did segments. For L2
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learners, the same speed-of-use effect was seen, with tonal information influencing the
lexical search more rapidly than segmental information. In terms of timing, however, L2
learners showed a significant delay in the use of tones compared to the use of segments and
compared to native listeners’ use of tones.

Taken together, the results of these two experiments leave some open questions.
First, these studies aimed to resolve the contradiction between the tonal disadvantage
observed in earlier offline work (e.g., Cutler & Chen, 1997; Taft & Chen, 1992) and the
analogous use of tones and segments see in more recent online work (Malins & Joanisse,
2010, 2012; Schirmer et al., 2005; Zhao et al., 2011). Experiment 1 was an offline
categorization task, and the tonal disadvantage was found. Experiment 2 used similar
materials as Experiment 1 in an online eye-tracking task, and showed that tones are used at
the same time as segments, and are actually used faster than segments. These results
indicate that tones are not globally disadvantaged, and suggest that the type of task used
(i.e., offline, less lexically focused, meta-linguistic vs. online, lexically focused,
unconscious) may determine if tones are disadvantaged. This leaves an open question: Why
is it that, in the present offline categorization task, segments have an advantage, whereas in
the present online eye-tracking task, tones seem to have a (speed-of-use) advantage for L1
listeners? What causes this reversal of effects from offline to online tasks? Second, for L2
learners, the effects between the two tasks do not reverse as they do for native listeners, in
that L2 learners take more time to distinguish target and competitor words based on the tone they
hear than based on the segments they hear in both the offline categorization task and the
online eye-tracking task, except in terms of online speed of use, where they constrain the

lexical search more rapidly. Why do L2 learners not show the same reversal of effects seen
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with native listeners? Third, L2 learners showed identical performance to native listeners in
the offline categorization task; however, L2 learners differed from native listeners in online
processing, showing later and slower processing of tones compared to native listeners. Why
is it that L2 learners do not show the same pattern as native listeners in online processing?
This chapter will discuss each of these findings in more detail, as well as discuss
some methodological implications of the current research and the impact it may have on the

computational modelling of lexical access.

7.2. NATIVE CHINESE LISTENERS

For native listeners, there was a striking difference in the pattern of effects from Experiment 1 to
Experiment 2. In Experiment 1, an advantage was seen for segments over tones in terms of the
overall accuracy and the rate of improvement in correct responses across the gates. In
Experiment 2, a similar timing of use of tones and segments and a speed advantage for tones
over segments was observed. While these experiments used different tasks, it would at first seem
odd that the pattern of effects would change between a gating task and an eye-tracking task;
however, the explanation is relatively simple. In Experiment 1, participants were simply asked to
identify the tone or the rime of the fragment they were hearing. When identifying the tone,
participants could only rely on FO as a cue to tonal identity. For segments, on the other hand,
rime identity was signaled by a host of cues, including, but not limited to, F1, F2, and F3. With
more cues to rely on, participants could be more certain of their segmental responses than they
could be of their tonal choices. With the same amount of acoustic input, segmental information
possessed more cues, and therefore allowed for greater identification accuracy. An opposite

prediction is also possible in relation to the number of cues. It could also be the case that with
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more cues, the processor needs more time to integrate them. If this were the case, we would in
fact expect the pattern of results to be the opposite, with segments having lower accuracy and
slower rates of improvement compared to tones. Since this is not the case, and tones were shown
to be disadvantaged compared to segments, it is argued that, in this case, more cues lead to
greater accuracy instead of processing difficulty in the integration of multiple cues.

This advantage does not transfer to the eye-tracking task in Experiment 2 for one
important reason: While participants’ identification of segments may be more reliable even in
online processing, the larger number of lexical competitors that overlap in onset (and first vowel)
makes it so that the processing of segmental contrasts is slower compared to that of tonal
contrasts. As previously discussed, identifying a vowel in a rime still leaves several possible
continuations for that rime, with the words ending with all possible rimes competing to some
extent and slowing processing. In the forced-choice gating task of Experiment 1, this lexical
competition does not come into play. Participants were asked to identify a tone or a rime, not a
word, and the full words were never heard. For this reason, it is not surprising that the pattern of
results of Experiment 1 differs from that of Experiment 2, with segments showing an advantage
over tone in the offline gating task, as in previous offline tasks (e.g., Cutler & Chen, 1997; Taft
& Chen, 1992), and with tones showing no difference compared to segments (in terms of timing)

or an advantage (in terms of speed) in the eye-tracking task.

7.3. SECOND LANGUAGE CHINESE LISTENERS

When comparing native Chinese listeners and English-speaking L2 learners of Chinese over
Experiments 1 and 2, one lingering question remains to be answered: Why is it that L2 learners
performed natively in the gating task but non-natively in the eye-tracking task 2? Experiment 1

showed that L.2 learners patterned like native listeners for segments and tones; however,
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Experiment 2 showed that L2 learners did not begin to use the tonal information to constrain the
lexical search until almost the end of the tone. This means that they began to use the tonal
information well after native listeners. Additionally, L2 learners were slower than native listeners
to use both tonal and segmental information.

The answer is twofold. On the one hand, the gating task may have stacked the cards in
favor of L2 learners showing native-like performance. Not only is this a relatively easy task
when not under time pressure, but it is also a meta-linguistic task, which could have aided
learners in their identifications of the tones. Additionally, given the gated nature of the stimuli,
the task was focused on the onset of words and highlighted the early pitch differences of the
tones in question. For segments, the task was simply to identify the rime heard. For both
conditions, the gated forced-choice task is a relatively easy task when not under pressure to
comprehend or to link the sounds to a word. The fact that lexical effects were not at play in the
gating task may have also made the two groups more similar in their performance. Hence, it is
not surprising that learners were able to perform as accurately as native listeners.

On the other hand, with respect to the eye-tracking experiment, whole words were
presented; therefore, participants had to process the words, not just the tones. Processing the
whole word in an eye-tracking experiment introduces lexical competition, which, as seen by the
slower overall processing of tones and segments, is greater for the L2 learners than for native
listeners for a variety of reasons, likely caused by mapping onto unstable tonal representations.
While there were only two segmentally matching items on the screen, it is likely that words with
all four of the tones were competing to some extent in the eye-tracking experiment, even if not
present on the screen. With the added burdens and complications of processing whole words and

attempting to map onto unstable tonal representation, it is not surprising that learners are unable
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to show native-like performance in online lexical processing. Additionally, unlike Experiment 1,
which was more meta-linguistic in nature, Experiment 2 used an unconscious measure. Such an
unconscious task may be more likely to reveal non-native-likeness in L2 learners, because they
don’t explicitly control where they look at on the screen. Therefore, while L2 learners were
native-like in the categorization of tones in offline tasks, this effect did not extend to online

processing of spoken words.

7.4. METHODOLOGICAL IMPLICATIONS

The results of this dissertation also have an important methodological implication. This study has
shown, once again, that eye-tracking is an effective method for studying the online process of
lexical access. Eye-tracking has long been used to study the time course of lexical processing
(e.g., Allopenna et al., 1998), and the present work has shown that this method can be used to
simultaneously compare the timing and speed of use of various types of information present in
the speech signal. Specifically, with L2 learners, it was seen that while segments were processed
earlier than tones, tones were used to constrain the lexical search faster than segments. By using
a combination of statistical analyses, these two effects were successfully teased apart, and the
results revealed novel information about how tones and segments are used to constrain the
lexical search online. To my knowledge, eye-tracking is the only methodology capable of
making this timing vs. speed distinction; even EEG only focuses on the timing of effects and

cannot reveal the speed with which information constrains the lexical search once used.**

** An amplitude difference in EEG would also give rise to a change in the slope of the line between conditions;
however, that would not be interpreted as a speed effect since the shape of the EEG waveform is not directly linked
to the speed of processing as it is in eye-tracking. The link between the interaction with the linear term and the speed
effect discussed here is specific to eye-tracking data, and does not extend to other methodologies, even if GCA is
used.
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7.5. COMPUTATIONAL MODELING IMPLICATIONS

In addition to methodological implications, the results of the present work also have implications
for lexical access theory and computational models. Most current models of lexical access deal
exclusively with segmental information (e.g., (TRACE) McClelland & Elman, 1986; (Shortlist
B) Norris & McQueen, 2008; (Merge) Norris, McQueen, & Cutler, 2000), with an attempt at
accounting for suprasegmental information by modeling the segmental cue of vowel reduction in
English stress (Norris & McQueen, 2008). In terms of modeling tones specifically, two models
have been proposed, the first being a theoretical model of how tones would be incorporated into
lexical access models by introducing the notion of a ‘toneme’, analogous to a phoneme (Ye &
Connine, 1999), and the second being a computational models of tones and segments in lexical
access.

Shuai and Malins (2016a) introduced a computational model built off of the TRACE
theory (McClelland & Elman, 1986) that was implemented in the JTRACE computation model
(Strauss, Harris, & Magnuson, 2007). The authors call this new implementation TRACE-t. This
model takes the existing JTRACE architecture and modifies it to include tones. The underlying
theoretical model TRACE is a connectionist model of spoken word recognition made up of three
layers of units: featural, phonemic, and lexical. Each phoneme is activated by a matrix of feature
nodes, which are activated by the input. Activation feeds forward from the activated features to
their connected phonemes, which then spreads to the connected words. Nodes on the same level
are linked by inhibitory connections, whereas connections between levels are excitatory. The
model is interactive, in that there are feedback connections from the lexical layer to the phoneme

layer.
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The original jJTRACE implemented the TRACE model by using a feature matrix of seven
features with nine values each to encode the phonemes of the language. These phonemes were
used to make up lexical entries, and were also used as the input to the model. As such, the input
to the model was a linear ordering of the phonemes of the word, and each phoneme was ramped
on and off, with each phoneme overlapping by several cycles to simulate coarticulation. JTRACE
is a user-friendly program to run TRACE simulations and has been shown to account for over 12
phenomena (e.g., lexical effects, frequency effects, etc.) in spoken word recognition (Strauss et
al., 2007). As such, each phoneme is made up of a feature matrix of seven features with nine
possible values each, and input to the model consists of a linear ordering of these phonemes (e.g.,
or'\pt — ‘abrupt’).

The modification done by Shuai and Malins (2016a) included taking the original feature
coding matrix of seven features used to encode consonants and vowels (that had been rigorously
validated) and recoding three of them for consonants (encoding voicing, manner, and place),
three for vowels (encoding height, frontness, and roundness), and one for tone height (encoding
height (1-5) and direction (rising, falling, level)). By doing so, the authors created segmental
phonemes as well as tonal ‘phonemes’.>> In order to encode the simultaneous use of tones and
segments, the authors made each lexical entry ten segments long, with alternating segmental and
tonal units. Only mono-morphemic words were used in this simulation. Thus, for a word like mad,
the encoding would be something similar to mT*“mT* aT**aT**aT", with the T representing the
tonal units and the superscript representing the pitch height (1-5) and direction (L=level,
R=rising, F= falling) of that tonal unit. In this way, the authors felt that they had captured the

simultaneous nature of the use of tones and segments, and were somewhat able to model the eye-

* The word ‘phoneme’ is used here instead of toneme to indicate that the tones were represented in the model in the
same way that segmental phonemes are. They created phonemes in the model that represent the tones instead of the
segments.

142



tracking results of Malins and Joanisse (2010). The model predicted the same pattern of results,
but the timing and size of effects was very different between the real and simulated fixations.
While this is a worthwhile attempt at incorporating tones into lexical access models, it
has several theoretical and practical flaws. First, alternating tonal and segmental units is not
simultaneous use; it is alternating use of tones and segments. Figure 19 below illustrates how
JTRACE handles coarticulatory information. Each phoneme ramps on and off over the course of
11 cycle and adjacent phoneme overlap for 6 cycles, indicated by the green spaces where the
segments overlap in Figure 19. By having both phonemes activated together this is able to

simulate coarticulatory effects between adjacent segments.

Figure 19: Illustration of jJTRACE coarticulatory effects

TRACE-t, on the other hand, has intervening tonal units, as illustrated in Figure 20
below. This intervening tonal unit makes it so that adjacent segments would overlap for at most 1
cycle, as opposed to 6 cycles in the original model. This alternation of tones and segments
therefore substantially reduces the model’s ability to account for segmental coarticulatory

effects.
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Figure 20: Illustration of TRACE-t lack of ability to capture coarticulatory effects.

Additionally, the encoding of the tones themselves is based off of what appears to be a
classic phonological description of the tones, using the 5-point pitch height description (Chao,
1930) and including tonal direction. Shuai and Malins have mentioned that the model works
significantly better by including pitch direction than when direction is removed (Shuai & Malins,
2016b). However, while these pitch points are commonly used to describe the tones, there is no
evidence that native listeners divide the pitch space into these five heights to perceive the tones.
Furthermore, while it is clear that native listeners rely on pitch direction to process the tones of
Chinese (e.g., Gandour & Harshman, 1978), encoding direction in the tone ‘phonemes’ implies
that in a single time unit of speech information, direction information is not only available, but
also encoded in the speech signal. It makes more sense to assume that direction is computed
from moment-by-moment changes in pitch values perceived by the listener. Thus, using the
arbitrary 5-point pitch height and pitch direction for encoding tones does not provide a
psychologically realistic model of the process going on in the use of tones in lexical access.

Shuai and Malins’ (2016a) model did not show a speed-of-use difference between tones
and segments, which is likely due to two properties of their model. First, by encoding both tones
and segments as phonemes and alternating them, it is impossible to weight tonal or segmental

information to differing degrees. The current explanation of the speed difference relies on the
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assumption (Assumption 1, Section 6.2.5.1) that the display allows the processor to weight
information to varying degrees so that off-screen items do not compete to the same extent. With
tones and segments encoded as alternating tonal and segmental units, modeling the effect is
impossible. Secondly, as is common in eye-tracking simulations, the simulation only included
the items in the eye-tracking study of Malins and Joanisse (2010). The speed effect is also
claimed to be a property of the lexicon as a whole, where being certain of a tone will remove
more competitors than a vowel will. This relies on the ratio of tones to rimes in the lexicon as a
whole, and will likely not surface with such a restricted lexicon.

As such, there are several important limitations of the TRACE-t model that will need to
be addressed in the future to accurately model lexical processing as is in the minds of native
listeners, including mainly its inability to utilize coarticulatory effects and its treatment of tones
as equivalent to segments. Additionally, by encoding pitch in five pitch heights and encoding
direction, this system is only able to account for the tones of Chinese, and is not extendable to
any other tone languages, let alone other types of suprasegmental information. Ideally, a model
of lexical access should model not just one single type of suprasegmental information, but also
all types in the same model. Otherwise, a separate model will be needed for every language, and

that is neither efficient nor productive to the study of spoken word recognition.
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7.6. CONCLUDING REMARKS AND FUTURE DIRECTIONS
To conclude, the results of the experiments presented here revealed several key effects.
Beginning with native Chinese listeners, this work has shown that in terms of the time course of
categorization, segments have an advantage over tones. In online lexical access, on the other
hand, this work confirmed once again that tones and segments are used at around the same time
in lexical access. A novel finding of the current eye-tracking work was the result that tones are
used to constrain the word search faster than segments. In terms of second language learners, the
present work revealed several novel effects. First, L2 learners of Chinese perform in a native like
pattern in categorizing the tones of Chinese in a gating task; however, this native-like
performance does not extend to online lexical access, with learners displaying significantly
delayed use of tones in online spoken word recognition. Learners’ processing of segments was
native-like in the offline gating task, and in terms of the timing of use in online lexical access.
With respect to the speed of use, however, L2 learners showed a faster use of tones compared to
segments, the same pattern as seen with native listeners. Although tones were used faster than
segments for learners, both tonal and segmental information had proportion of fixations to target
slopes that were equally shallower than native listeners in constraining the word search. From
these results it is claimed that the timing of use of information is dependent on how/if that
information is used in the L1. The speed of use, however, is L1 independent, with L2 processing
proceeding more slowly than native processing, regardless of similarity to the L1.

This work could continue in several directions. If taken down a computational modeling
track, this work could be extended to use current computational models to examine the speed of
use difference between tones and segments. If the proposed explanation (that it is the ratio of

tones to rimes in the language) is indeed the underlying cause, then this effect should fall out
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from properties of the lexicon. If the lexicon of the simulation were sufficiently large and
captured the general trends of a native lexicon, then this speed effect would be predicted to be
seen with no adjustment to the model. If this is not the case, computational modeling, in
conjunction with experimental research, could be used to further explore why tones were used to
constrain lexical access more rapidly than segments.

Additionally, the speed of use difference could be investigated by investigating another
tone language. If the ratio of tones to segments in the lexicon is the cause of the speed difference,
then varying this ratio should modulate this effect in predictable ways. A language with the same
number of rimes, but more tones should show a smaller speed effect, or an advantage for
segments, whereas a language with the same number of tones and more rime should show a more
exaggerated tone speed effect.

In terms of the L2 processing of tones, this work could be continued by investigating
different L1 groups based on their use of pitch as a lexical cue. Based on the results of Connell et
al. (2016), it would be predicted that speakers of a language with no lexical pitch distinctions
(e.g., French or Korean) would fail to use the tones of Chinese in online lexical access. English
speakers, who use pitch in lexical stress, were able to use tones in early word recognition in the
present work. It could be predicted that the more a listener relies on pitch distinctions in the L1,
the better their use of the L2 pitch contrasts would be in terms of timing. The present results
suggest that timing is dependent on the cue’s use in the L1, whereas speed (slower use of tones
and segments compared to L1 listeners) is L1-independent, meaning that learners will be slower
to use any type of information in the L2. If this is the case, we could predict Dutch speakers
would outperform English listeners. Since stress is signaled solely by suprasegmental cues in

Dutch, they may be able to utilize the tonal information earlier than English listeners. Even more
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than Dutch speakers, it could be predicted that Japanese speakers, who use a pitch-accent
distinction, would outperform Dutch speakers, in that they differentiate high and low accents as
opposed to the presence or absence of increased pitch, as in Dutch. In this case, it could be
predicted that they would use tonal information even earlier than Dutch listeners.

One step further would be to investigate native tone language speakers learning
Mandarin, such as Thai or Vietnamese speakers. Two predictions can be made of L1 tone
language speakers’ use of L2 tones in a similar experiment based on the current studies. First, it
could be predicted that, barring interferences from the L1 tonal system, L1 tone speakers would
process L2 Mandarin tones natively in terms of timing. This would be on account of tones not
being a new feature that the L2 system must accommodate. Second, it would be predicted that
the processing of tonal and segmental contrasts would sti// be slower than native Chinese
listeners, since the speed of use of information in the L2 would be expected to be L1

independent, based on the current results.
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Table B.6. COG Measurements for Consonants of Segmental Condition

COG COQG last

Item Pinyin IPA Gate 1 10 ms

1 shal Jal 4932 2398
shul  Jul 5997 6381
) bi4 pi4 556 502
bad pa4 645 674
3 he2 x02 2204 2604
hu2 xu2 928 555
4 tu3 thu3 1967 1077
ta3 tha3 2855 1726
5 dao4  taud 516 509
dai4 tai4 3101 2356
6 zhai4  tsai4 5366 1848
zhao4  tsao4 5076 2764
7 tao2 thau2 3526 2655
tai2 thai2 2996 2264
2 chai2  thsai2 4987 2053
chao2 thsau2 4703 2042
9 tiel thiel 4118 4532
tiaol thiaul 3911 3729
10 guil kueil 800 723
guol  kuol 601 565
1 giaol  th¢iaul 6404 3663
qiel theiel 7189 3817
12 jia3 th¢ia3 6883 3693
jie3 theie3 6988 4628
13 baod4  paud 766 746
bang4 pan4 850 804
14 pao4  phaud 3000 2114
pang4 phan4 3128 2129
15 sang3  san3 7409 6787
sao3 sau3 7735 7225
16 tao2 tau2 3106 2412
tang2  tap2 3152 1950

176



Section B.1. Follow-up analysis of stop vs. non-stop initial items

The following is an analysis conducted to determine whether the modification of the stop
vs. non-stop initial items influenced the results of the norming task. Figures A.7 and A.8 below
show the proportion different responses for each set with stop vs. non-stop initial trials indicated

by the solid or dashed lines.

Tone
1.00
Stop
= nonstop
0.75
o == : stop
c
2
%) Set
o]
E — \/owel
C
q) .
31__) 0.50 = AllophonicV
e == PostOnglide
il
= == NasalCoda
o
Q
o m— T4_T2
[a
0.25 - — T4_T3
— T1_T4
0.00 T T T T
3 6 9 12 3 6 9 12
Gate

Figure A.8. Native Chinese listeners’ different responses with the segmental condition in the
panel on the left and the tonal condition in the panel on the right. Solid lines represent non-stop
initial items and dashed lines represent stop initial items. Gate is presented on the x-axis and
proportion different responses presented on the y-axis. The shaded regions represent +1 standard
error of the mean.
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Figure A.9. Naive English listeners’ different responses with the segmental condition in the
panel on the left and the tonal condition in the panel on the right. Solid lines represent non-stop
initial items and dashed lines represent stop initial items. Gate is presented on the x-axis and
proportion different responses presented on the y-axis. The shaded regions represent +1 standard
error of the mean.

All items were coded as having a stop or non-stop (affricates and fricatives) initial. Then,
for each set and each group separately, LME models compared the correct responses between the

stop and non-stop initial items. There were two tonal sets for which this was not possible, since

the items were either all stops or all non-stops in the set. Non-stops were set as the baseline.
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Table B.7. Results of LME on native responses in the vowel set

Estimate Std. Error df t value P(>F)
Intercept 0.93 0.01 54.0 77.28 <.001
Stop —0.002 0.02  459.0 —0.13 0.900

Table B.8. Results of LME on native responses in the allophonic vowel set

Estimate Std. Error df t value P(>F)
Intercept 0.87 0.02 392 40.86 <.001
Stop —0.04 0.02  459.0 —1.85 .06

Table B.9. Results of LME on native responses in the post—onglide set

Estimate Std. Error df t value P(>F)
Intercept 0.78 0.02 434 29.20 <.001
Stop —0.04 0.03 459.0 —1.28 203

Table B.10. Results of LME on native responses in the nasal coda set

Estimate Std. Error df t value P(>F)
Intercept 0.05 0.03  34.0 13.18 <.001
Stop 0.04 0.03  459.0 0.96 336

Results of the segmental sets reveal no difference between items with stop vs. non-stop

initials for native listeners. This indicates that the modification of the initial stops did not
influence the results of the segmental results for native listeners. The following set of tables

presents the results for the tonal sets. The set of T1 — T2 is not included since all initials were

stops and the set of T1 — T3 was not included since all initials were non-stops.

Table B.11. Results of LME on native responses in the set T4 — T2 set

Estimate Std. Error df t value P(>F)
Intercept 0.80 0.03 239 25.45 <.001
Stop —0.08 0.03  699.0 -2.59 .009
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Table B.12. Results of LME on native responses in the set T4 — T3 set

Estimate Std. Error df t value P(>F)
Intercept 0.76 0.03 235 23.37 <.001
Stop —0.004 0.03  699.0 —0.14 .893

Table B.13. Results of LME on native responses in the set T1 — T4 set

Estimate Std. Error df t value P(>F)
Intercept 0.35 0.04 408 10.0 <.001
Stop 0.08 0.04 459.0 2.0 .052

Results of the tonal sets revealed that the difference between stop and non-stop initials
was only significant in the T4 — T2 set. This indicates that the modification of the initial stops
influenced the results of the tonal results for native listeners, with the stop initial items having
fewer different responses. Since this is only 1 of the five tonal sets included, this result does not
undermine the results of the norming study, and overall it appears the effect of manipulating the
consonant durations was minimal. The following set of tables presents the results for naive
English listeners.

Table B.14. Results of LME on English listener responses in the vowel set

Estimate Std. Error df t value P(>F)
Intercept 0.94 0.01 39.7 81.63 <.001
Stop 0.04 0.01  459.0 2.93 .004

Table B.15. Results of LME on English listener responses in the allophonic vowel set

Estimate Std. Error df t value P(>F)
Intercept 0.90 0.02 352 43.53 <.001
Stop —0.03 0.02  459.0 —1.45 142

Table B.9. Results of LME on English listener responses in the post-onglide set

Estimate Std. Error df t value P(>F)
Intercept 0.78 0.02 521 33.24 <.001
Stop —0.02 0.03 459.0 —0.69 493
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Table B.10. Results of LME on English listener responses in the nasal coda set

Estimate Std. Error df t value P(>F)
Intercept 0.55 0.04 372 15.54 <.001
Stop 0.08 0.04 459.0 2.06 0.040

Results of the segmental sets reveal differences between items with stop vs. non-stop
initials for English listeners in the vowel and nasal coda sets. This indicates that the modification
of the initial stops not influence the results of the segmental results for English listeners in these
two conditions, with stop initial items having more different responses than non-stop items. This
is argued to not be problematic to the results since there were no differences found for the
selected segmental set; the post-onglide set.

The following set of tables presents the results for the tonal sets. Again, the set of T1 —
T2 is not included since all initials were stops and the set of T1 — T3 was not included since all
initials were non-stops.

Table B.11. Results of LME on English listener responses in the set T4 — T2 set

Estimate Std. Error df t value P(>F)
Intercept 0.78 0.03 264 29.26 <.001
Stop —0.21 0.03  699.0 —6.90 <.001

Table B.12. Results of LME on English listener responses in the set T4 — T3 set

Estimate Std. Error df t value P(>F)
Intercept 0.74 0.03 239 24.53 <.001
Stop 0.10 0.03  699.0 3.21 .001

Table B.13. Results of LME on English listener responses in the set T1 — T4 set

Estimate Std. Error df t value P(>F)
Intercept 0.41 0.04 308 10.30 <.001
Stop 0.08 0.04 459.0 2.13 .034
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Results of the tonal sets revealed that the difference between stop and non-stop initials
was only significant in all three tone sets analyzed. This indicates that the modification of the
initial stops influenced the results of the tonal results for native listeners, with the stop initial

items having more different responses.
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Table D.4. Consonant acoustics for individual segmental pairs

Item  Pinyin IPA COG  Variance  Skewness  Kurtosis
1 hui2  xuei2 375 434 7 56
hua2  xua2 754 402 2 13
5 dui4  tueid 464 546 4 22
duo4  tuo4 354 225 10 178
3 xiaol  giaul 543 1118 5 25
xiul  gijoul 1011 1473 3 9
4 shua3  fua3 2630 2737 1 =2
shuai3  Juai3 1845 2295 1 0
5 huai2  xuai2 484 349 6 58
huo2  xuo2 583 534 3 20
6 gua4  kua4 439 469 5 33
gui4  kuei4 660 347 4 47
7 guil  kueil 406 554 5 24
guol  kuol 382 218 8 154
2 tiao3  thiau3 913 1254 2 6
tie3 thie3 647 820 4 21
9 qiao2  thciau2 718 1363 4 13
qiu2  theiou2 1061 1551 3 8
10 xiao4  ciau4 756 1661 4 14
xied  cied 1160 2261 3 5
1 tuil thueil 333 344 9 107
tuol  thuol 405 261 6 77
12 jia3 tcia3 1430 2120 2 3
jie3 tcie3 1457 2216 2 4
13 xie2  gie2 1248 2231 2 4
xia2  gia2 1231 1567 3 11
14 zuo4  tsuo4 558 942 5 26
zui4  tsueid 451 767 7 57
15 jiaol  teiaul 653 1357 4 17
jiel teiel 645 908 4 23
16 gui3  kuei3 593 881 3 9
guo3  kuo3 591 424 5 38
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Appendix E: Language background survey

6/2/2015 T 1T A4 - Language Background Questionnaire

IEEE ®AZE @4 - Language Background

Questionnaire

BRIBEUTX TRESFIZMHME M. BIETESES

Please answer the following questions regarding your language learning experiences.

Click "Submit" at the bottom when you are done.

2. BHER%?

How old are you?

3. 15

Sex:
Mark only one oval.

) Z Female

) 5B Male

4. BRLLARRGIR ?

What is your major/ field of study?

5. fRHIER ?

What university year are you?

6. BRI ?

What university level?
Mark only one oval.

AR Undergraduate
RRE Graduate

) BIZAHIP Professor/Lecturer
Hfth Other

https://docs.google.com/forms/d/1RyOOzNu6L7E0YcTbcW69_UMXvWnPIx Y gAmizs5yWdnl/printform

1/10
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6/2/2015 5 17 54248 - Language Background Questionnaire

7. BEANBERMAL?
What is YOUR native language?

8. EHEMNBERMAL?
What is your MOTHER's native language?

9. BRFMBHERML?
What is your FATHER's native language?

10. IBREG ? (FEREFBETSERLE)

Have you ever had
Check all that apply.

|| #EEE Vision problems
|| WA Hearing impairment
| | 1BEKHE Language disability
|| #3@E Learing disability

https://docs.google.com/forms/d/IRyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform 2/10
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6/2/2015 i 15 5t 2 4% - Language Background Questionnaire
1. MBEFE LREM—IR, EFiEBRZ. HIE, RN EETER MR

If you checked any of the boxes above, please provide details. For example, "Glasses" if you
checked vision problems

12 NMEHEBEZTRS, TEREERAMES?

What languages were used in your home between birth and 5 years old?

13. 13 NARASEE+—RAS, EERERMAMES?

What languages were used in your home between 6 years old and 11 years old?

14. JEE+ERY, GERERAMES?

What languages were used in your home between 12 years old and 17 years old?

15. BTSSRI, EMLEREFL?

In what country/countries did you live during
childhood?

https://docs.google.com/forms/d/IRyOOzNu6L7E0Y cTbcW69_UMXvWnPIxY gAmizs5y Wdnl/printform 3/10

198



6/2/2015

16.

17.

18.

19.

20.

17 547204 - Language Background Questionnaire
IBEDERE, EMEEREET?

In what country/countries did you live as a
teenager?

BERER, AWMEERERD?

In what country/countries did you live as an
adult?

PRELMIMSMESERE, BE/NFHE, RE
(n#F. HeF) BEERAAMBFES?

EXCLUDING language classes, in what
language were your classes (e.g., math,
history) taught in elementary school?

FRELTIMIMESERE, BEATHE, RE
(WEF. HEF) BERAAMBFES?

EXCLUDING language classes, in what
language were your classes (e.g., math,
history) taught in middle school?

FRELMMMESERE, BESTHE, RE
(EF. HEF) BERAAMBFES?

EXCLUDING language classes, in what
language were your classes (e.g., math,
history) taught in high school?

21, iESEFRREEAIE S RERFERREFHY. REEERIRITHUESTNRA—MES
Please list all languages you know in order of DOMINANCE. Hit Enter to have each language
on its own line
https://docs.google.com/forms/d/IRyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform 4/10
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6/2/2015 5 17 54248 - Language Background Questionnaire

22, EREFEMEERFIMEERIRFHT (MENEHEFR) REEEBIRITHUESTRG
A—MEE
Please list all languages you know in order of ACQUISITION (starting with native language).
Hit Enter to have each language on its own line

23, RS ERAREN S ERERE

Please give your global proficiency of English
Mark only one oval.

() BHEEME Native speaker
() BOETRHEMEME Near-native
() ®% Advanced

() #% Intermediate

() #)% Beginner

24, FHEFEEAVEEBENZAREER

Please give your global proficiency of Mandarin Chinese
Mark only one oval.

() BHEEME Native speaker
() BSETRHEEMAZE Near-native
() @R Advanced

() #% Intermediate

)

#% Beginner

25, EFIHAEREPERRMEENLE (RMEENLLERIMEAH100%) EFIHSMESEH
EREERIRITUESTUSA—MNES
Please give the percentage of time you currently use each language (your percentages

should add to 100%). Please name each language and hit Enter to have each language on its
own line

https://docs.google.com/forms/d/IRyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform 5/10
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6/2/2015 i 17 547 # 0% - Language Background Questionnaire
26. MRFA—EXFHRIFHEFAAZXNZIMES, TRIERDNES LR ERDEESMES
HXF? (BMESHLERZARE A100%). iE5IHESMEEHERRE EIRTHUESTREA
—iEs
If a text were available in all your languages, what percentage of the time would you choose

to read it in each language? (your percentages should add to 100%). Please name each
language and hit Enter to have each language on its own line

27. 27 HMBA— T HEMESSCERFRFEENARLRE, BREEITES VRN
FIERASMEERMH ? (BMIESHLERZMAH100%) ETIHESMESHEREZ ik
TTUESTA—MES
When speaking a language with someone who is equally fluent in all your languages, what

percent of the time would you choose to speak each of your languages? (your percentages
should add to 100%). Please hit Enter to have each language on its own line

Second language learners of Chinese only

Native Chinese and monolingual English speakers do not need to continue

28. How many years of Chinese instruction
have you received?

29. Were the majority of your Chinese instructors native speakers of Chinese?
Mark only one oval.

() Yes
()

) No

30. At what age did you begin learning Chinese
at school?

https://docs.google.com/forms/d/IRyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform

6/10
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6/2/2015

31.

32.

Experiences in Chinese speaking environments

i 15 5t A% - Language Background Questionnaire
At what age did you begin listening to
Chinese?
This may or may not be the same age as
when you began Chinese classes

At what age did you begin interacting with
native Chinese speakers?

Please provide information about any time you have spent in a Chinese speaking environment. If
you have not spent time in a Chinese speaking country, you may skip this section.

33.

34.

35.

36.

37.

38.

39.

40.

Study abroad #1: Country you visited

Study abroad #1: Your age at time of visit

Study abroad #1: Length, in months, of
your visit

Study abroad #1: Context of your visit
E.g. Study abroad, family vacation, etc.

Study abroad #2: Country you visited

Study abroad #2: Your age at time of visit

Study abroad #2: Length, in months, of
your visit

Study abroad #2: Context of your visit
E.g. Study abroad, family vacation, etc.

https://docs.google.com/forms/d/IRyOOzNu6L7E0Y cTbcW69_UMXvWnPIxY gAmizs5y Wdnl/printform

7/10
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6/2/2015

41.

42.

43.

44,

45.

46.

47.

48.

49.

i 17 547 # 0% - Language Background Questionnaire

Study abroad #3: Country you visited

Study abroad #3: Your age at time of visit

Study abroad #3: Length, in months, of
your visit

Study abroad #3: Context of your visit
E.g. Study abroad, family vacation, etc.

Study abroad #4: Country you visited

Study abroad #4: Your age at time of visit

Study abroad #4: Length, in months, of
your visit

Study abroad #4: Context of your visit
E.g. Study abroad, family vacation, etc.

How would you rate your proficiency for READING in Chinese?
Mark only one oval.

Beginner
) Intermediate
Advanced

) Near-Native

https://docs.google.com/forms/d/1RyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform

8/10
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6/2/2015

41.

42.

43.

44,

45.

46.

47.

48.

49.

i 17 547 # 0% - Language Background Questionnaire

Study abroad #3: Country you visited

Study abroad #3: Your age at time of visit

Study abroad #3: Length, in months, of
your visit

Study abroad #3: Context of your visit
E.g. Study abroad, family vacation, etc.

Study abroad #4: Country you visited

Study abroad #4: Your age at time of visit

Study abroad #4: Length, in months, of
your visit

Study abroad #4: Context of your visit
E.g. Study abroad, family vacation, etc.

How would you rate your proficiency for READING in Chinese?
Mark only one oval.

Beginner
) Intermediate
Advanced

) Near-Native

https://docs.google.com/forms/d/1RyOOzNu6L7E0YcTbcW69_UMXvWnPIxY gAmizs5yWdnl/printform

8/10
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6/2/2015 T 1T A4 - Language Background Questionnaire

50. How would you rate your proficiency for WRITING in Chinese?
Mark only one oval.

Beginner
Intermediate
Advanced

Near-Native

51. How would you rate your proficiency for LISTENING in Chinese?
Mark only one oval.

Beginner
Intermediate
Advanced

Near-Native

52. How would you rate your proficiency for SPEAKING in Chinese?
Mark only one oval.
Beginner
Intermediate
Advanced

Near-Native

Please provide information about the activities in which you
use Chinese, and the frequency you do so

E.g., "Talking with Friends" (Sometimes)
"Watching movies" (Frequently)

53. Activity 1

54. Activity 1 frequency
Mark only one oval.

Rarely
Sometimes
Often

Daily

55. Activity 2

https://docs.google.com/forms/d/1IRyOOzNu6L7E0YcTbeW69_UMXvWnPIxY gAmizsSyWdnl/printform 9/10
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6/2/2015 i 15 5t 2 4% - Language Background Questionnaire
56. Activity 2 frequency
Mark only one oval.

() Rarely

) Sometimes

57. Activity 3

58. Activity 3 frequency
Mark only one oval.

() Rarely
Sometimes

) Often
() Daily

)0

~
.

59. Activity 4

60. Activity 4 frequency
Mark only one oval.

() Rarely

) i

) Sometimes
PG

@) Often

() Daily

61. In your perception of your own Chinese, how much of an accent would you say you
have on a scale from 1-10 ?

(1 being nearly indistinguishable from native Chinese speakers)
Mark only one oval.

1 2 3 4 5 6 7 8 9 10

(2 ) O LI EDED LT € ) )

Powered by
E Google Forms

https://docs.google.com/forms/d/IRyOOzNu6L7E0Y cTbcW69_UMXvWnPIxY gAmizs5y Wdnl/printform 10/10
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Table F.2. Lexical decision proficiency test materials

Appendix F: Proficiency measure materials

Difficult Easy Nonce
Word  Log W/Million Word  Log W/Million Word Log W/Million
K 0.70 Ak 2.86 R& n/a
7 1.00 v B 2.86 fFit n/a
il 1.04 ¥ 2.80 il n/a
b A 1.97 Ak 2.94 ES n/a
BIK 0.70 S 2.95 i, AR n/a
Jii % 0.30 A8 AL 3.01 1 4% n/a
5] 0.90 R 2.98 KR n/a
R % 0.90 e 291 KA n/a
gl 1.57 FE K 2.87 Tk n/a
5 AB 1.04 HE 2.89 ik n/a
SRS 0.78 A 2.99 PR AR n/a
P2 0.95 8 2.96 i n/a
1R 0.85 | 2.98 X E n/a
Ee 1.00 "l @ 3.17 77 & n/a
=] 1.76 Ja 1 3.01 HL n/a
N 1.00 TAE 2.93 WE n/a
i 0.95 NG 2.32 i n/a
#F 1.91 ikt 2.94 k45, n/a
%R 0.95 % 3.11 Ho n/a
i =3 0.95 W K 2.91 RZ n/a
KB 0.60 T % 3.18 4 F n/a
T B 1.04 E 2.98 Jii 47 n/a
& 0.48 1 % 3.13 AR n/a
£% 0.90 FR 2.88 i n/a
%) 0.48 B R 2.79 I n/a
il 1.71 s 2.89 R n/a
F 1.04 Z 18 2.25 JE T n/a
X € 1.00 A 2.89 IS n/a
KZE 0.78 A 2.92 & n/a
A 1.97 et 2.95 5 n/a
K5 1.84 Z A 2.97 i & n/a
I 1.04 & 2.98 IR n/a
oA 1.04 ik 2.85 ¥ = n/a
T AR 1.96 A 2.74 K n/a
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1.00 RN 2.87 =R n/a

0.95 15 37 2.96 ElEe n/a
0.85 Fo 2.95 % e n/a
1.90 #+ 2.84 s n/a
1.45 TG 2.93 e n/a
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Survey Materials F.2. Cloze Test

LA~ N EBEF (meet) — AL (fairy) , XAMAILIATZM K. b
A, BUEME O ORI, AR A

_ o fPWTSE BiE. HF o SR BuNEsk, RBASKLZIE . T E T
SR E T 7. XA /BRET, EARE. M TR, K
sk ABRTET, N&ET o BN

_ AR Al e BAREIR . R AR B <A K
BRE) 7

2.0 =N N LT (drive) &3k (donkey) %07 (market) %3,
Bk am, BERAN. H AR B! A ARE Gstupid) , B
Y (ride) , (ZER. "N FIXEE, it LrEHPE L &7 &)L, B3
£ RS, BRFFU: “EXMERAN,  ZNRKABEL (respect) , & N,
gy » T, ok JLF kK BeR T EE. SGET—2)L, Bk T — P& A,
gl PRIZAS FHARG (merciless) , HOWY, AR Z7ERAEY S
£ B NRIFH fibi )Ly B 7Y, MA—RRY . WE—IL, X —MTA,

e < AMAFE—R, EHE BT X FZEAT M (puzzled) ]
IFEYBREER (tHeup) LTI Ccarry) FY. P FT, A

IR, X SkOP4 R (getrid of) T 487, 7 IXSKIPERERIN KT,
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Appendix G: Additional eye-tracking analyses and graphs

Figure G.1 Native Chinese listeners’ proportion target, competitor and distracter fixations over
1,500 ms time window (including 200 ms baseline) with the tonal condition target, competitor
and distracters in black and the segmental condition target, competitor and distracters in red.
Time in ms is presented on the x-axis and proportion fixations to target presented on the y-axis.
The shaded regions represent +1 standard error of the mean.
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Figure G.2 Second language Chinese listeners’ proportion target, competitor and distracter
fixations over 1,500 ms time window (including 200 ms baseline) with the tonal condition target,
competitor and distracters in black and the segmental condition target, competitor and distracters
in red. Time in ms is presented on the x-axis and proportion fixations to target presented on the
y-axis. The shaded regions represent =1 standard error of the mean
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Figure G.3. Native Chinese listeners’ proportion target, competitor and distracter fixations
excluding two outliers with high initial segmental competitor fixations with the tonal condition

target, competitor and distracters in black and the segmental condition target, competitor and

distracters in red. Time in ms is presented on the x-axis and proportion fixations to target
presented on the y-axis. The shaded regions represent £1 standard error of the mean.
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Table G.1. Results of GCA on native language Chinese listeners’ proportion fixations to target
excluding two outliers with high initial segmental competitor fixations

Std.

Estimate  Error t value P(>F)
Intercept 0.45 0.01 30.20 <.001
Linear 1.44 0.10 14.99 <001
Quadratic 0.14 0.06 2.20  0.038
Cubic -0.28 0.05 -5.97 <.001
Condition 0.03 0.00 7.60  <.001
Linear : Condition 0.53 0.04 13.20  <.001
Quadratic : Condition —0.18 0.04 —4.52  <.001
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Figure G.4. Native Chinese listeners’ predicted proportion target, competitor and distracter
fixations excluding two outliers with high initial segmental competitor fixations with the tonal
condition target, competitor and distracters in black and the segmental condition target,
competitor and distracters in red. Time in ms is presented on the x-axis and proportion fixations
to target presented on the y-axis. The shaded regions represent =1 standard error of the mean.
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Figure G.5 Native Chinese listeners’ proportion target, competitor and distracter fixations over
1,500 ms time window (including 200 ms baseline) excluding two outliers with high initial
segmental competitor fixations with the tonal condition target, competitor and distracters in
black and the segmental condition target, competitor and distracters in red. Time in ms is
presented on the x-axis and proportion fixations to target presented on the y-axis. The shaded
regions represent £1 standard error of the mean.
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