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The present study reports a novel case where a simple one-to-one category
mapping may develop into a systematic one-to-two mapping over the course
of second language acquisition. We examined the split in category mapping
of the Mandarin unaspirated stops conditioned by tone by Korean-speaking
learners of Mandarin Chinese (e.g. Mandarin /ta*/ to Korean lenis [ta] vs.
Mandarin /ta>®/ to Korean fortis [ta]). Korean L2 learners and naive listeners
participated in identification tasks in which f0 contours of Mandarin words
containing unaspirated stops with short-lag VOTs were digitally manipu-
lated. In word-initial position, learners showed a near-categorical perception
from lenis to fortis as f0 increased, while most stimuli were identified as fortis
by naive listeners. The effect of f0 was much smaller in word-medial position,
but the group difference remained the same, confirming the two groups’ dif-
ferential use of phonetic cues for stop identification. Taken together, a sub-
stantial reorganization of perceptual cues, namely the promotion of f0
concurrent with significant underweighting of VOT cues, seems to have
taken place during L2 acquisition. The findings were discussed with refer-
ence to PAM-L2 whereby the knowledge of the L2 phonological system along
with particular phonetic properties of the L2 sounds may have driven a per-
ceptual regrouping of the L2 stop categories.

Keywords: VOT, f0, stop category mapping, PAM-L2, perceptual
reorganization

Introduction

The vast majority of the second language literature has demonstrated that learners
of a second language strive to develop fine phonetic discriminability for difficult
non-native contrasts through training (e.g. Bradlow et al. 1997; Francis et al. 2000)
or practice (e.g. Flege 1987; Aoyama et al. 2004; Levy & Strange 2008) throughout
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one’s lifespan. A prominent example comes from the English /1-1/ discrimination
by Japanese listeners. Many Japanese listeners fail to discriminate the English liquid
contrast due to their over-reliance on an unreliable cue, F2, (Iverson et al. 2003),
but this can be overcome by cue-specific training where the reliable F3 cue, for
example, is specifically enhanced in the experimental stimuli (Iverson et al. 2005).
Even without well-designed, laboratory-based training, however, Japanese listen-
ers with sufficient experience become successful at figuring out the relevant cue
through unsupervised everyday practice (Aoyama et al. 2004).

Yet more experience may not necessarily entail better identification or dis-
crimination of foreign sounds and contrasts. As in the first language (L1) devel-
opmental path, some phonetic details may be disregarded over the course of the
second language (L2) acquisition. A classic example can be found in the remark-
able commonality in the ways in which L2 rhotic sounds are interpreted by the
learners (Lindau 1985; Ladefoged & Maddieson 1996). Despite large phonetic dif-
ferences or the near absence of acoustic resemblance between rhotics, learners
tend to equate a foreign rhotic sound (e.g. French [g~x]) to their native rhotic
sound (e.g. English /1/). While the mapping does not make much sense from
a phonetic perspective, learners are likely to tap into the abstract knowledge of
the linguistic structures, namely the distributional similarity of rhotics in the two
phonological systems. Some recent studies have shown that the departure from
the acoustic-phonetic level processing by experienced learners may result in even
poorer performance for some nonnative contrasts than naive listeners. English L2
experienced learners of French were worse than inexperienced listeners at dis-
criminating the French vowel contrast /u-y/, particularly in the bilabial context
(Levy & Strange 2008). Similarly, Mandarin L2 learners of Korean performed
more poorly at discriminating the Korean /s"a-s*a/ contrasts than naive listeners
(Holliday 2016).

PAM-L2 (Best & Tyler 2007), a theoretical extension of the original Percep-
tual Assimilation Model (PAM, Best 1995), has been proposed to explain the
potential changes in the perceptual assimilation of L2 sounds and contrasts by
learners. Key to the PAM-L2 is the proposal that the knowledge of L2 forms and
structures, not available to naive listeners, may come into play to reshape how
L2 sounds are interpreted. Sometimes the knowledge of L2 phonology can be so
strong that heterogenetic phonetic details of sounds can be conveniently ignored,
as exemplified in the rhotic mapping. The present study aims to contribute fur-
ther empirical evidence to this growing body of literature by demonstrating that
L2 experience may lead to a considerable divergence from the ways in which non-
native stops are interpreted by naive listeners. The novel aspect of the current
study is that the L2 phone in question is initially consistently assimilated to a sin-
gle L1 phone, while this one-to-one mapping falls apart as one gains experience in
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the L2. The particular case of interest is the perception of Mandarin unaspirated
stops by Korean listeners with or without prior experience in Mandarin Chinese.
Unlike most previous studies focusing on challenging cases where two non-native
phones are assimilated to a single native phone (i.e. Single-Category Assimilation
in PAM), we shall show that the straightforward one-to-one mapping may sys-
tematically develop into a one-to-two mapping through L2 acquisition.

1.1 Background

Korean has a typologically rare set of stop sounds in its inventory including fortis
(/p £ K/), lenis (/p t k/), and aspirated (/p" t" kP/). The three stops are catego-
rized by a combination of phonetic cues, namely VOT and f0 at the vowel onset
among others, particularly in initial position (Lisker & Abramson 1964; Han &
Weitzman 1970; Cho & Jun & Ladefoged 2002). Specifically, fortis stops manifest
short VOTs and high f0. Lenis stops take the opposite values of both parameters,
namely intermediate-to-long VOTs and low f0. Aspirated stops are characterized
by long VOT and high f0. The rather clear-cut separation between the three stops
along the VOT parameter is no longer observed in contemporary Seoul Korean
mainly due to a remarkable VOT reduction in the aspirated stops (e.g. Silva 1992,
2006; Kang 2014). Meanwhile, f0 differences at the vowel onset have increased
significantly especially for the aspirated-lenis pair, compensating for the loss of
the original VOT distinction.

While the increased role of f0 in stop identification in general had certainly
been acknowledged in perception studies (Kim et al. 2002; Kim 2004; Lee et al.
2013), the relative contribution of individual phonetic cues is subject to specific
pairs under comparison. For the lenis-fortis contrast, in particular, short VOTs
(less than 20 ms) are sufficient to exclusively signal fortis stops (Kim 2004; Lee
etal. 2013). Lee etal. (2013), for instance, tested the trading relation between
VOT and f0 cues by systematically manipulating both parameters. Stop VOTs
were manipulated to range between 10 and 142 ms, and f0 to range between 99
and 209 Hz, both on a 12-step continuum. For stimuli with short VOTs, Seoul
Koreans perceived the stops as fortis nearly exclusively regardless of f0 (more
than 90% for stimuli with VOTs of 10 ms and approximately 90% for stimuli
with VOTs of 22 ms). When VOTs were manipulated to be intermediate (34 and
46 ms), fortis responses began to decrease and were limited to stimuli with higher
f0. With VOTs longer than 58 ms, no fortis responses were made again regardless
of f0.

An important implication of this finding is that participants’ fortis judgment
was not influenced by f0 when the VOT cues were unambiguous. Seoul Koreans
gave fortis responses predominantly when VOTs were sufficiently short, and the
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fortis responses virtually disappeared for stimuli with sufficiently long VOTs. FO
might come into play to influence stop perception only when the VOT cues were
ambiguous ranging at intermediate values. Considering the acoustic characteris-
tics of fortis stops, namely high f0 and short VOTs, the results of the perception
studies indicate that the perceptual weighting for fortis identification is asymmet-
rically and heavily placed on one of the major acoustic parameters, namely VOT.

Turning to the learners’ second language, Mandarin Chinese, the language
exhibits a common two-way contrast in which the stops are differentiated by aspi-
ration: /p t k/ characterized by short VOTs vs. /p" t" k"/ by long VOTs. Much
like the one-to-one mapping of the English aspirated stops onto Korean aspirates
(Schmidt 1996; Park & de Jong 2008), aspirated stops between Mandarin and
Korean hold a straightforward correspondence both acoustically and perceptu-
ally. Mandarin aspirated stops have long VOT values (Rochet & Fei 1991; Liu
et al. 2000; Chao & Chen 2008), and Mandarin-speaking learners of Korean are
known to equate Korean aspirated stops to Mandarin aspirated ones perceptually
(Kim 2006; Holliday 2014).

Similar to Korean fortis stops, unaspirated stops in Mandarin Chinese are
characterized by short VOTs less than 20 ms, particularly for non-velar stops
(Rochet & Fei 1991; Liu et al. 2000). Given the results of L1 perception studies
demonstrating the dominance of VOTs for fortis perception, naive Korean listen-
ers are likely to interpret Mandarin unaspirated stops as fortis in Korean. This
is, in fact, implemented as such in Chinese-Korean transcription conventions
established by both Kim (1987) and Eom (1996) whereby Mandarin unaspirated
stops are transcribed as fortis stops for Chinese words borrowed into Korean (e.g.
[pa] in Mandarin transcribed as “B} [pa]” in Korean). To summarize, a quite
straightforward one-to-one mapping holds between Mandarin and Korean stops:
Mandarin aspirated stops onto Korean aspirates, and Mandarin unaspirated stops
onto Korean fortis stops. According to PAM, this is a typical example of Two-
Category Assimilation by which two foreign phones are assimilated to two L1
phones separately and, therefore, the discrimination of the aspirated and unaspi-
rated stops in Mandarin is predicted to be easy for naive Korean listeners.

What is puzzling is the variable mapping of the unaspirated stops conditioned
by tone by Korean L2 learners of Mandarin Chinese. Previous studies have found
that Mandarin unaspirated stops are mapped onto Korean fortis stops when
the syllable carries high-level (X*°) or high-falling (X°!) tones, whereas they are
mapped onto Korean lenis stops when the syllable carries mid-rising (X**) or low-
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dipping (X*') tones (Ko 2000; Maeng & Kwon 2008), as schematized in Figure 1.!
Maeng & Kwon (2008), for example, tested learners of Mandarin Chinese in per-
ception experiments where f0 of the syllables containing Mandarin unaspirated
stops was manipulated to switch between high-level and mid-rising tones. The
results showed that the learners’ identification shifted to a great degree from lenis
to fortis as the tone contour changed from mid-rising to high-level, and vice versa.

[t] [t']  Mandarin two-way contrasts
X55/X5! X35/X214 Mandarin tone
[t'] [t] [t"]  Korean three-way contrasts

Figure 1. Perceptual mapping between Mandarin and Korean stops by Korean L2
learners of Mandarin Chinese

The particular grouping of Mandarin tones seems straightforward and the split
seems systematic; in terms of f0, high-level and high-falling tone syllables start off
with high f0 (i.e. onset f0 marked by 5), and mid-rising and low-dipping tone syl-
lables begin with low f0 (i.e. onset f0 marked by 2 or 3). High onset f0 appears
to elicit fortis judgments, while relatively low onset f0 appears to elicit lenis judg-
ments. Nonetheless, the split in the perception of the Mandarin unaspirated stops
by the learners does not make much sense given the particular cue-pairing found
in native Korean. While the mapping of the Mandarin unaspirated stops in high-
initial f0 syllables (high f0 - short VOT') onto Korean fortis stops (high f0 - short
VOT) creates a good correspondence along both phonetic parameters, Mandarin
unaspirated stops in low-initial f0 syllables (low f0 - short VOT) being interpreted
as Korean lenis stops (low f0 - long VOT) brings a sharp discrepancy particularly
for the VOT parameter.

While one might assume that the split of the unaspirated stops in the L2-to-
L1 mapping is driven by a higher sensitivity to tonal properties of the L2 by the
learners, it is not entirely clear whether the split can be solely attributed to the
acquisition of the tonal second language. Naive and experienced listeners have
never been brought to the same experimental setting, and each group of listen-
ers has only been tested on their corresponding languages; naive listeners were
tested on manipulated stimuli based on Korean (e.g. Kim 2004; Lee et al. 2013)

1. The tone letter system by Chao (1968) was adopted for the transcription of tones. In this
convention, Mandarin four tones are transcribed with numerical pitch values ranging from the
lowest 1 to the highest 5: [ma>?] for high-level, [ma®’] for mid-rising, [ma?'4] for low-dipping,
and [ma®!] for high-falling tone.
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while Mandarin learners on stimuli based on Mandarin (Maeng & Kwon 2008).
In particular, it is only a hypothesis that naive Korean listeners are likely to inter-
pret Mandarin unaspirated stops as Korean fortis, inferred from the experimental
results from past research.

In order to test the effect of learning on the alleged dichotomy in stop category
mapping among Korean listeners, it is warranted that the learners’ behavior
should be explicitly tested along with naive listeners, who have not had any expe-
rience with tonal languages. If learners alone show the dominance of f0 over other
phonetic cues, it would provide evidence for the effect of learning on stop per-
ception. In sum, the present study aims to establish a fuller picture of the percep-
tual patterns of the Mandarin unaspirated stops with varying f0 by both groups of
listeners in a single experiment. The learners’ differential behavior, if any, will be
discussed with reference to the PAM-L2, highlighting the role of the knowledge of
L2 phonology on the split of L2 stop sounds.

1.2 The present study

The present study tested whether the learning of a tonal second language may lead
to differential uses of phonetic cues in stop identification, departing from naive
Korean listeners. In doing so, three experimental variables were introduced in the
identification tasks, including f0, word position, and tone contours. In order to
test the differential effects of f0, target syllables with unaspirated stops selected
from naturally produced Mandarin utterances were manipulated to vary in f0.
The prediction is straightforward. The stop perception by the learners of Man-
darin Chinese is expected to change as a function of f0, while naive Korean lis-
teners should be comparatively irresponsive to varying f0. The latter prediction,
in particular, is based on the previous studies which showed that short-lag VOTs
elicit fortis judgments nearly exclusively for Korean listeners. Therefore, special
attention will be given to the interaction between learning experience and sensi-
tivity to f0 in the statistical analyses later on.

In addition to the identification of word-initial stops, word-medial stops were
also included in the experimental design. The variation in word position was
expected to help to draw a fuller picture of the effect of learning on stop per-
ception. In particular, we capitalize on the remarkable change in the distribution
of the acoustic cues to Korean stops in different word positions. In production,
lenis stops are often subject to full or partial voicing in intervocalic position (e.g.
Han & Weitzman 1970; Silva 1992; Han 1996), while fortis stops remain voice-
less. Another unique difference arising in word-medial position is closure dura-
tion; fortis stops manifest a much longer closure duration than lenis stops (e.g.
126 vs. 45 ms in Han 1996). The redistribution of available acoustic cues indeed
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gives rise to significant consequences in perception. In word-medial position, the
once-reliable cue for the contrast, VOT, is demoted to be quite useless (Han 1996).
Rather a new temporal parameter, closure duration, leads to a near-categorical
boundary shift from lenis to fortis as the duration of stop closure increases.

In this study, we set closure duration to be neutral at around 80 ms, the
value reported in previous studies (Han 1996), favoring neither fortis nor lenis
judgments. The significant demotion of the VOT cue in word-medial position is
likely to provide the best chance for the naive listeners to make better use of the
f0 cue for stop identification. This leads to a prediction that the group difference
with respect to the use of f0 cues may be reduced, but it remains to be seen to what
extent the reduction of the dominance of VOT could compensate for the lack of
particular training with f0 cues.

Another variable added to the current study is a variation in tone contours.
Among the four lexical tones in Mandarin Chinese, two tonal categories were
chosen for acoustic manipulation of f0, namely high-level (X°°) and mid-rising
(X3). Low-dipping (X*!*) and high-falling (X*') tones were excluded from the
study because f0 manipulation is not as straightforward due to frequent creaky
voice (e.g. Belotel-Grenie & Grenie 1994; Kuang 2017). However, it is assumed
that low-dipping and high-falling tones would pattern together with mid-rising
and high-level tones, respectively, considering their comparable f0 values at
vowel onset. Note that this grouping is consistent with the observations in
past research (Ko 2000; Maeng & Kwon 2008). While the variation in tones is
expected to strengthen the empirical validity of the experimental findings, the
comparison between level and contour tones is also likely to help to uncover
an interesting nature of stop perception in general. In a cross-linguistic percep-
tion study, Oglesbee (2008) manipulated f0 in two ways, one along the f0 and
the other along the global f0 contour. The results showed that Japanese listeners
were sensitive to the f0 contour such that a falling contour elicited more voice-
less stop responses than the corresponding level contour. Korean and Spanish
listeners also showed the same direction, albeit to a smaller degree. In addition
to f0, the tone contour was expected to shed light on the effect of changes in f0
frequency on stop perception.

2. Method

2.1 Participants

To exclude any confounding effects of differential baseline with respect to expe-
rience in tonal languages, Korean listeners were limited to Seoul speakers whose
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prosody is uncontroversially non-tonal and non-stressed, but only phrase-
accented (Jun 1993). Two independent groups of Seoul speakers were recruited
for two experiments. For the word-initial stop identification, seventeen graduate
students of the Chinese department at Seoul National University (14 female and
3 male) participated as experienced learners. This group of speakers has special-
ized in the Chinese language in college and continued to learn Mandarin Chinese
in graduate school. Most of them have lived in mainland China as long as two
years and have passed old HSK (Chinese Proficiency Test, level 1 being the low-
est and level 12 being the highest) level 6. According to the HSK Institute, those
who passed the old HSK level 6 can read Chinese newspapers and magazines and
appreciate Chinese movies and plays. Learners at this stage can also give a lengthy
speech in Chinese. Another seventeen Seoul speakers (16 female and 1 male) were
recruited for the naive listener group. They were undergraduate students of Seoul
National University who came from various specializations and had no previous
experience in Mandarin or other tonal languages.

An equivalent control of participants was made for the second experiment
examining the perception of word-medial stops. Seventeen graduate students
of the Chinese department (15 female and 2 male) participated as experienced
learners, and another seventeen undergraduate students (14 female and 3 male)
participated as naive listeners. None of them took part in the first experiment. All
subjects participated in the experiment voluntarily. None of the participants had
a history of hearing impairment, nor reported any present hearing disorders.

2.2 Stimuli

Disyllabic words in Mandarin Chinese were selected for the base stimuli. Real
Mandarin words were used for the sake of the fluency of the talker, but the stimuli
words used in this experiment are relatively rare in colloquial Mandarin, and few
experienced listeners reported that they could recognize word meaning during
the experiment. Even if some subconscious semantic retrieval was available in
some cases, the retrieval of lexical items is likely to hinder the leaners from per-
ceiving fine-grained phonetic details in the stimuli and can only neutralize the dif-
ferences between the learners and naive listeners. Therefore, the significant group
differences, if any, will provide even stronger evidence for the effect of learning of
a tone language on stop identification.

For the word-initial stop identification, the first syllable was the target sylla-
ble, and for the word-medial stop identification, the second one was the target syl-
lable. In both cases, the vowels following the target stop sounds were fixed with
[a] or [a1]. The preceding vowels for the word-medial stops varied between [a]
and [i], but they were balanced across level and rising tone conditions. The tar-
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get syllables carried either a level or rising tone and the non-target syllables were
fixed with a high-level tone (X*°) for both experiments. The stop consonants of
the target syllable varied between bilabial and alveolar stop consonants. Velar con-
sonants were not included as targets due to an accidental gap of /ka*/ in the Man-
darin syllable inventory. In addition to the four target words (2 places * 2 tone
contours), seven filler items with varying place of articulation for stops and tone
contours were included for each word-initial and word-medial stimuli list.

For the recordings of the stimuli, one female Mandarin speaker in her twen-
ties was recruited. She was born and raised in Beijing and has been living in Korea
for about two years at the time of recording. The recording was made in a sound-
attenuated booth in the Phonetics Lab in the Department of Linguistics at Seoul
National University. The list of stimuli was repeated six times in random order
and presented to the talker on sheets of paper (11 tokens * 2 word position * 6
repetitions, 132 tokens in total). The talker was asked to read each target word
at a normal speech rate. The recording was made using a Tascam DV-RA1000
recorder and digitized at 22,050 Hz sampling rate in 16 bit using CoolEdit 2000.
The recordings were normalized at 70 dB for RMS intensity using a Praat script
before further analyses.

The target syllables were first annotated for the initial consonant and the fol-
lowing vowel. The start and end of the noise period of a stop sound were labeled
at the zero-crossing and the duration between these two time points was consid-
ered the VOT value. The start and end of voicing were labeled and the f0 values at
the two time points were measured. Both VOT and f0 values were extracted auto-
matically using Praat scripts. All stop sounds under investigation had short but
positive VOTs (mean values less than 10 ms) regardless of the position in a word.
Among the six tokens recorded, one representative token with a clear and natural
pronunciation of each stimulus was chosen to be used for the following percep-
tion study. The phonetic properties of the selected tokens are presented in Table 1.

Table 1. Experimental stimuli and their acoustic characteristics
VOT  focontour  Vowel duration

Tone Word (ms) (Hz) (ms)

Initial Level pa® tc"en® ‘eight thousand’ 6.0 275-268 139
stops ta® tcPan”® ‘respond’ 8.0 282-282 144
Rising pa® teeen™ ‘outstanding’ 7.0 208-245 162

ta>® k"an>> ‘optimistic’ 7.9 198-227 184

Medial Level tghiss.pass ‘seven-eight’ 7.9 294-287 265
stops fa> tai®> ‘stare blankly’ 7.7 270-257 301
Rising hei®>.pai>> ‘black and white’ 9.5 225-245 420

fa>° ta3” ‘developed’ 9.4 190-204 323
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Each selected token was manipulated to create a set of words whose f0 was on a
continuum of eleven steps. This was achieved by lowering or raising the overall
f0 contour by 10 Hz at a time using the PSOLA algorithm in Praat (Boersma &
Weenink 2017). The f0 of the vowel onset was maintained to fall between 200 Hz
and 300 Hz; for example, [pa] in [te"i**.pa’’] originally started off with 290 Hz
and the entire f0 contour of the syllable was lowered or raised to create multiple
tokens with f0 from 200 Hz to 300 Hz. This procedure is illustrated in Figure 2.
The particular range of f0 was chosen because f0 manipulation did not result in
any unnatural or odd sounding signals, while it gave rise to a sufficiently gradi-
ent continuum of f0. In total, forty-four target stimuli (4 original tokens * 11 step
manipulation) were created for each experiment. In addition, the same number of
filler words with the same f0 manipulation was added.

H a | tch I ® 1 Il a | I wa I n 7
° Time (s) 07009 0 Time (s) 0684
450 450
« 400 = 400
T z
z %
§ 300 Emmm o M eeeseansannes® $ 300| EHIiaiEID edesesssssesetteneg et
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T | el < N B
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& 200 & 200
100 100
o 0.7009 o 0.684
Time (s) Time (s)
1 f 1 a | | ai 1 1 f 1 a | F) 1
o . 0.7871 o . 0.7815
Time (s) Time (s)
450 450
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10T ] S T e T LR L L LTI I Y. EETTTTTL Ny
< erosnerns g 300
3 oon, 2 333
T | i g
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Figure 2. Example of f0 manipulation of the stimuli for the first syllable [pa.tc?een®’]
(level) vs. [ta.k"an>®] (rising) and for the second syllable [tghiSS.pa] vs. [hei®®.pai]. The f0
of the target syllable was gradually lowered or raised by 10 Hz at each time. Original f0
contours (navy blue) and manipulated f0 contours (orange)
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One advantage of this particular method of f0 manipulation is that the contri-
bution of tone contours to stop perception can be assessed independently from
that of f0. In previous research, offset f0 was often fixed while f0 was manipu-
lated to be on a continuum. In contrast, in the present study, overall f0 contour
was shifted along with f0 variation so that the intrinsic tone contour could be
retained. In this way, f0 and tone contours can enter statistical models as orthog-
onal factors, enabling an assessment of the independent role of each variable in
stop identification.

As for the word-medial stops, the closure duration was set to be 80 ms for all
stimulus items by splicing the silent period. The particular closure duration was
chosen based on the previous findings. Han (1996), among others, showed that
a categorical boundary shift occurred at 80 ms of closure duration, namely fortis
judgments for longer closer duration vs. lenis judgments for shorter closure dura-
tion, all else being equal. At this closure duration, therefore, the stimuli should
not trigger biases toward either fortis or lenis, and the sole effects of experimental
variables are likely to arise clearly.

2.3 Procedure

The perception study was run in DMDX software (Forster & Forster 2003), the
script of which was mounted on a Toshiba Satellite Pro laptop computer. The
experiment was conducted in quiet rooms, mostly in dormitory rooms or in unoc-
cupied classrooms. Participants were given verbal instructions about the overall
procedure of the experiment in detail prior to the experiment and had five prac-
tice items before the beginning of the test trials. During instruction, they were told
that they would hear non-sense words in a foreign language that they may or may
not know. In the experiment, two words in printed Korean orthography appeared
on the screen, one on the left-hand side and the other on the right-hand side,
immediately after a stimulus was played. As in typical two-forced choice identi-
fication tasks, the participants had to make either fortis or lenis choice for each
stimulus (e.g. “TtCFO]” (lenis) vs. “THI-O]” (fortis) for “fa.tai”). Participants were
instructed to press the key “A” for the choice on the left-hand side and “L” for
the choice on the right-hand side. They were told to use both hands and place
their comfortable fingers on each key button so that they could press the intended
button correctly and quickly. Participants were encouraged to feel free to make
responses as there were no correct answers, and were told to press either button
even when they were not certain about the choice.

The presentation of Korean orthography was made possible using JPG files,
and the randomization of the order of the lenis and fortis choice was made prior
to the script being submitted to DMDX. A pair of common earbud earphones was
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used for all participants. Participants were given 2.5 seconds to make a response,
and if no response was made within this period, the program was designed to pro-
ceed to the next trial. The whole experiment took about fifteen minutes, including
registration, for most participants.

The effect of f0 on stop identification was analyzed using mixed-effects logis-
tic regression models. Logistic regression analyses were employed since the
dependent variable had two categories, namely fortis (coded as “17) vs. lenis
(coded as “0”). Two separate statistical models were run, one for the word-initial
stops and another for the word-medial stops. In each model, fixed effects included
f0 (centered by z-score transformation), learning experience (2 levels: learners
vs. naive), and contour (2 levels: level vs. rising). In addition to the main effects,
interaction terms were also included between f0 step and learning experience and
between contour and learning experience. Recall that the main goal of the pre-
sent study is to examine whether experience in Mandarin Chinese would lead to
a significant increase in listeners’ weighting on the f0 cue for stop identification. A
significant interaction between f0 and learning would indicate that learning expe-
rience has triggered meaningful changes in cue weighting strategies, while a non-
significant interaction would provide no evidence for the effects of learning on
such changes. The interaction between contour and learning was also included to
examine whether the effect of tone contour is more pronounced for the learners.
As for the random effects, subject was included as random slopes for both models.
Initially, an attempt was made to keep the maximal random effect models follow-
ing suggestions in the literature (Barr et al. 2013), but fully crossed models did not
converge and, therefore, interaction terms were dropped from the statistical mod-
els. All statistical analyses were implemented using the package Ime4 (Bates et al.
2014) available in R software (R Development Core Team 2016).

3. Result

3.1 Word-initial stop identification

Figure 3 plots predicted logit curves and actual mean data for word-initial stop
identification as a function of f0 and learning experience. The results were broken
down by tone contour. One tendency that arises clearly is that experienced learn-
ers showed a near-categorical perception of the stops with a relatively abrupt shift
at intermediate f0 frequencies (approximately 240-260 Hz) for both contour con-
ditions; stimuli with lower f0 were identified predominantly as lenis stops, while
stimuli with higher f0 as fortis stops. While a steady and gradual increase of fortis
judgments is observed for the naive listeners as well, the pattern is far from being
categorical. Rather, participants most often identified the stops as fortis.
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Table 2 summarizes the results of the statistical model fit. The results con-
firmed significant main effects of both f0 and learning experience, indicating that
higher f0 is more likely to elicit more fortis judgments and that naive listeners are
more likely to give more fortis judgments than experienced learners. In addition
to the main effects, the results revealed a significant interaction between them.
Experienced learners relied heavily on f0 in the identification of stops (f=0.8706),
and this tendency decreased in magnitude in naive listeners” stop identification
(B=0.3158, inferred from 0.8706—0.5548). This provides strong empirical evi-
dence for the greater weighting on f0 for the stop identification by the experienced
learners than by the naive listeners, suggesting an effect of learning on perceptual
cue reorganization.

Nevertheless, it is worth noting that naive listeners did also systematically
respond to f0 in the same direction, albeit to a smaller degree. The results can
be interpreted such that f0 is a minor but legitimate perceptual cue used to iden-
tify stops for Korean listeners, in general. The short VOTs of the stimuli, how-
ever, appear to be sufficient to draw largely uniform responses as evidenced by
the dominance of fortis responses by the naive listeners. This is consistent with
previous studies in which the fortis-lenis distinction is primarily cued by VOT
alone (Kim 2004; Lee et al. 2013). This L1 cue-weighting strategy seems to have
been transferred straightforwardly to naive listeners’ identification of Mandarin
unaspirated stops.

The interaction between contour and learning experience did not reach sta-
tistical significance, but it is worth a comment as the p-value shows marginal sig-
nificance (p=.077). Experienced learners tended to make a more fortis judgment
when the target syllables carried level contour as evidenced by the negative coef-
ficient value (f=-0.2907), but the effect was not robust enough to give rise to
statistical significance (p=.208). The positive coefficient value of the interaction
term ($=0.5955) indicates that this tendency is reversed for the naive listeners
(B=0.3048, inferred from —0.2907 + 0.5955). In the separate model with naive
learners as a baseline, the results again showed that the effect of contours did not
reach statistical significance (f=0.3049, z=1.246, p=.213). Taken together, the
ostensibly small interaction effect between contour and learning arises from the
responses to target contours in the opposite direction by the two groups oflisteners.
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Figure 3. Predicted logit curves and actual mean values (circles) for the identification of

word-initial stops for learners (orange (online)) and naive listeners (navy blue (online)).
Responses of the level contour are on the left panel, and those of the rising contour on the

right panel

Table 2. Summary of the mixed-effects logistic regression model for the word-initial stop

identification. Significant results are highlighted in bold

Predictor Coefficient SE z-value P

Intercept 0.9741 0.2898 3.361 <.001
fo 0.8706 0.0608 14.310 <.001
Learning (Learners vs Naive) 1.5404 0.4236 3.637 <.001
Contour (Level vs. Rising) -0.2907 0.2306 -1.260 =.208
Interaction= f0*Learning -0.5548 0.0754 -7.359 <.001
Interaction= Contour*Learning 0.5955 0.3362 1.771 =.077

3.2 Word-medial stop identification

Response curves and actual mean data for the word-medial stops are plotted
against f0 and learning experience in Figure 4. Most strikingly, the near-categorical
perception by the experienced learners in the first experiment was no longer
attested in the second experiment. While f0 was still made use of in both contour
conditions, as evidenced by the gradual increase of fortis responses along with
higher f0, participants’ responses were sharply divided by contours: fortis judg-
ments were populated predominantly in the level contour condition and lenis judg-
ments in the rising contour condition. Naive listeners appeared to show some sen-
sitivity to f0, but the stop identification by this group of listeners seems to be simi-

larly influenced by the tone contour.
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Figure 4. Predicted logit curves and actual mean values (circles) for the identification of

word-medial stops for learners (orange (online)) and naive listeners (navy blue (online)).

Responses of the level contour are on the left panel, and those of the rising contour on the
right panel

Table 3. Summary of the mixed-effects logistic regression model for the word-medial
stop identification. Significant results are highlighted in bold

Predictor Coefficient SE z-value p
Intercept 1.9977 0.3678 5.432 <.001
fo 0.4470 0.0430 10.41 <.001
Learning (Learners vs. Naive) -1.0683 0.5010 -2.132 <.05
Contour (Level vs. Rising) -3.7326 0.2831 -13.186 <.001
Interaction= f0 *Learning —-0.1830 0.0520 -3.519 <.001
Interaction= Contour*Learning 2.9702 0.3326 8.930 <.001

The statistical analyses summarized in Table 3 confirm the observation while
revealing a slightly more nuanced nature of the data. The model fit with the level
contour and experienced learners as baseline confirmed the significant main
effects of f0 and contour. The significant f0 effect indicates that experienced learn-
ers made use of f0 in the medial stop identification, namely high f0 signaling fortis
stops and low f0 signaling lenis stops, similar to the findings in the first experiment.
Unlike the initial stop identification, however, tone contours emerged as the most
salient predictor of word-medial stops, as materialized by the high coefficient value
(B=-3.7326). Level contour strongly signals fortis stops while rising contour sig-
nals lenis stops.

We did not compare participants’ responses across word position in the same
statistical model, but the qualitative differences between the two models are rather
clear. While f0 is no longer as salient as in the first experiment (f (initial) =0.8706
vs. B (medial) =0.4470) for the learners, tone contours emerged as the most infor-
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mative cue for stop identification in word-medial position (8 (initial) =-0.2907
vs. B (medial) =-3.7326). This sharp contrast across word position suggests that
the hierarchy of perceptual cues rearranges itself according to the environment.
It appears that the f0 cue overrides other phonetic cues in word-initial position,
but it is highly underweighted in word-medial position. With the demotion of the
fO cue, other factors such as tone contours seem to emerge as a more informative
perceptual cue for stop identification.

In addition to the main effect, a significant interaction was identified between
f0 and learning. The results indicate that the two groups of listeners respond dif-
ferently to f0; experienced learners showed higher sensitivity to f0 (8=0.4470)
than naive listeners did (f=0.2640, inferred from 0.4470-0.1830). Nevertheless,
naive listeners do also show some sensitivity to f0 in the same direction, a pattern
mirroring the findings in the word-initial stop identification. Taken together, it
can be concluded that both groups of participants utilize f0 for stop identification
in both positions in a word, but the experienced learners show consistently higher
sensitivity to the fO cue than naive listeners.

The statistical results confirmed another significant interaction between con-
tour and learning experience. Both groups of listeners showed negative coefficient
values for contour (8 (experienced)=-3.7326 vs. B (naive)=—0.7624, inferred
from —3.7326 + 2.9702), indicating that they gave more lenis responses in the ris-
ing contour condition than in the level contour condition. More importantly, the
contour-learning interaction suggests that the effect of tone contours was more
robust for the experienced than for the naive listeners. This is clearly illustrated in
Figure 4; for each f0 level, the difference in mean fortis responses between the two
contour conditions is always larger for the experienced than for the naive group.
It is worth noting, however, that even the naive learners did respond to contour
categories in a similar fashion, albeit to a much smaller degree.

4. General discussion

The present study investigated the perceptual patterns of Mandarin unaspirated
stops by Korean listeners with or without prior experience in the tonal language
Mandarin. The core finding of the experiment, especially in word-initial position,
is that f0 was the single most important perceptual cue to stop identification for
the Mandarin learners. They showed near categorical perception of initial stops,
in particular, whereby the stop perception shifted abruptly from lenis to fortis
at intermediate f0 values. Despite the short VOTs carried by the stimuli, low f0
strongly signaled lenis stops while high f0 was a strong indication of fortis stops.
This pattern was sharply contrasted with that of the naive listeners who perceived
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most stimuli predominantly as fortis regardless of f0. The results of the present
study, therefore, strongly suggest that the split in the perception of the Mandarin
unaspirated stops conditioned by tone is attributed to a learning experience in
the tonal second language. It follows that a significant developmental change, as
summarized below, has occurred in the L1-L2 stop category mapping during the
acquisition of a tonal second language by Korean listeners.

(t] [t] (t] [t"] Mandarin two-way contrasts
E:> X/X3! X3/ Mandarin tone
('] [t] [t (t'] (t] (t"] Korean three-way contrasts

Figure 5. Tone-induced split in stop category mapping by Korean L2 learners over the

course of the acquisition of Mandarin Chinese

In what follows, we discuss the implications of the findings of the current study for
second language perceptual learning. In particular, we sketch the potential driving
force behind the developmental change schematized above. We will then elaborate
on the factors contributing to the similarities and differences in the ways in which
the stops are perceived in different word positions.

4.1 One-to-two category mapping of the Mandarin stops by the learners

As reported in previous perception studies (Kim 2004; Lee et al. 2013), unam-
biguous VOT values take precedence over f0 cues and provide a decisive cue to
the lenis-fortis contrast for Korean listeners. Consistent with those findings, naive
listeners in the present study identified the stimuli with short VOTs most often as
fortis stops. It is worth emphasizing that the stimuli used in the current study were
created based on naturally produced Mandarin utterance, while stimuli used in
previous studies were manipulated based on utterances of Korean words. The fact
that Korean listeners show consistent identification patterns across studies despite
some language-specific phonetic differences (e.g. the presence of tonal contour in
Mandarin-based stimuli in the present study) once again confirms the undomi-
nated status of VOT as the most reliable phonetic cue to the word-initial fortis
identification.

This heavy weighting of VOTs for fortis identification is no longer at play for
the learners of Mandarin Chinese, however. The f0 cue, instead, emerged as a
strong phonetic cue, and the sharp discrepancy in VOT values between the stim-
uli (short VOT) and native lenis stops (long VOT) were disregarded by the learn-
ers. Why does this reorganization of phonetics cue weighting take place for the
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learners of Mandarin Chinese? A simple hypothesis may attribute the change to
the learners’ increased sensitivity to the f0 cues through an extensive training in
tone, which may have driven a promotion of f0 over VOT cues.

While learners must have developed a keen sensitivity to fO changes in the
speech signal in order to learn a language where f0 cues are used to mark lexical
contrasts, empirical evidence suggests that the scenario solely based on the sensi-
tivity to fO cues is insufficient to account for the perceptual change of the learners.
For one thing, no change in the one-to-one mapping between aspirated stops in
the two languages suggests that VOT cues are not entirely overridden by f0 cues.
If f0 is the single most important undominated cue for the stops, Mandarin aspi-
rated stops carried by a mid-rising tone (e.g. t"a3*) should elicit a lenis percep-
tion while the same stops by a high-level tone (e.g. t"a®) elicit a fortis perception,
leading to a perceptual split as in the case of the unaspirated stops. The lack of
such evidence suggests that VOT cues still by and large play an important role
in stop identification for the learners. More specifically, the Mandarin aspirated
stops show long VOT values (M =103 ms, averaged across different places of artic-
ulation, Rochet & Fei 1991), longer than the Korean aspirated stops (M =80 ms,
Lee & Jongman 2012). This is likely to make it even harder for Korean listeners to
interpret the Mandarin aspirated stops as Korean lenis (M =65 ms).

Another piece of counter-evidence comes from the experiments with native
speakers of tone languages. In experiments testing perceptual assimilation pat-
terns (Kim 2006; Holliday 2014), Mandarin-speaking learners of Korean showed
considerable difficulties in the discrimination of Korean lenis and aspirated stops,
because both stops are assimilated to a single category in Mandarin, namely aspi-
rated stops. The salient differences in onset f0 between lenis (low f0) and aspirated
(high f0) in Korean stops are simply disregarded. Rather, their similar VOT values
hinder the establishment of separate categories for Mandarin learners of Korean.
Likewise, native speakers of the Gyeongsang dialect, a Korean dialect well known
for its tonal properties, did not use fO cues in stop identification as strongly as
Seoul speakers did (Lee et al. 2013). The empirical findings in the previous stud-
ies, therefore, indicate that f0 changes in the speech signal are reserved for lexical
contrasts for the speakers of tonal languages, and their high sensitivity to f0 cues
is not utilized for segmental contrasts.

With the exclusion of a few possibilities, it becomes clearer that the cue rever-
sal between VOT and f0 for the identification of fortis is a unique behavior of
the learners, and the key to understanding the pattern should bear on the effect
of learning on perceptual assimilation. As discussed in the introduction, PAM-L2
highlights the role of the acquisition of the L2 phonological system by the learn-
ers. While acoustically quite distinct, a rhotic sound in an L2 may be equated to an
L1 rhotic due to similarities in their phonological behavior. As detailed in Lindau
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(1985), rhotics tend to show similar phonotactic distributions (being close to the
syllable nucleus), they are subject to deletion in word-final position, and they
often replace each other depending on phonological environments. When learn-
ers discover the phonological distribution of the rhotics, their perception may be
reshaped in a way that the corresponding rhotics may sound more similar than
their actual phonetic-acoustic distance.

The tone-induced split in the perception of the Mandarin unaspirated stops
might also be accounted for with reference to the learners’ awareness of the L2
sound system. To elaborate, the acquisition of the phonetics and phonology of
Mandarin stops may lead learners to make an implicit comparison of the Korean
vs. Mandarin stop systems, and the two-way contrast in the L2 stop system may
have been forced to split into a three-way contrast as in the L1. But, of course,
not all foreign two-way stop contrasts are split and systematically mapped onto
three-way contrasts by Korean L2 learners. Studies have reported a broad one-to-
one mapping between English and Korean stops: English aspirated stops being
mapped onto Korean aspirated while English voiced stops onto Korean lenis
(Schmidt 1996; Park & de Jong 2008).

The particular distribution of the salient phonetic cues may be an essential
key to the understanding of the category split. Unlike stops in other non-tonal
languages, the stops in Mandarin carry two extreme values of onset f0: high (as
in initial high-toned syllables X*! and X°°) or low (as in initial low-toned syllables
X?* and X*!). Such bimodal distribution of onset f0 in Mandarin may have facili-
tated labeling of two separate categories by the learners. Phonetic category learn-
ing based on statistical distributions of perceptual cues has shown to be highly
robust for both adults and infants (Maye & Gerken 2000; Clayards et al. 2008;
Maye et al. 2008). Maye et al. (2008), for example, demonstrated that listeners
are sensitive to probabilistic distributions of the phonetic cues in the stimuli and
come up with different generalizations over input stimuli with differential struc-
tures. In their study with English-speaking infants, a bimodal condition consisted
of stops with a high occurrence of VOT values near two endpoints (i.e. —=75 and
14 ms), while a unimodal condition consisted mostly of tokens with intermediate
VOT values. The results showed that the bimodal group showed significantly bet-
ter discrimination of novel VOT contrasts compared to the unimodal group. In
the case of the Korean L2 learners of Mandarin, a continuous exposure to non-
native stops with a bimodal distribution of f0 may have facilitated separate cate-
gory labeling for stops with low (lenis) vs. high (fortis) f0. Without the knowledge
of phonetic as well as phonological properties of Mandarin stops, however, naive
listeners are likely to process speech signals at the acoustic-phonetic level and
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the short-lag VOTs of Mandarin unaspirated stops may be so prominent to elicit
single-category labeling.

This tone-induced split for stops holds a quite unique place among many L2
perceptual assimilation studies focusing on the cases of Single-Category Assimila-
tion where two foreign phones assimilate to a single native phone, causing much
difficulty for their discrimination. The results of the present study suggest that the
knowledge of L2 phonetics and phonology is rather far-reaching than one might
think and may exert strong influences on rephonologization of the L2 sound sys-
tem; the existing cue-weighting strategies for L1 sounds are easily overridden by
alternatives that are responsible for the ways in which L2 sounds are regrouped
into new phonological categories. Sufficient empirical data of such cases need to
be compiled to elaborate on the implications of PAM-L2, and original proposals
with testable hypotheses in laboratory experiments is a pressing topic for future
studies.

4.2 Auditory contrast effects for contour tone

The present study included the perception of stop identification in word-medial
as well as in word-initial position. This addition aimed to examine whether the
demoted VOT cue for the stop identification in word-medial position may lead
to a reduction of the differences between the two groups of listeners. The results
showed that while the reliance on f0 cues is indeed reduced a great deal, learners
still show a higher sensitivity to f0 than naive listeners as evidenced by the signif-
icant interaction between and f0 and learning experience. This, once again, high-
lights the strong and uncontroversial effect of the learning of a tonal language on
the organization of the cues for stop identification.

A rather unexpected but interesting asymmetry is that the effect of tone con-
tours was different between initial and medial stop identification. While tone
contours played a controversial role in the first experiment with initial stops, it
emerged as the strongest predictor for the word-medial stops. Note that this tone
contour effect was obtained independently from the effect of f0 which exerted
a consistently significant influence on stop perception across different tone con-
tours. With varying magnitudes, both experienced and naive listeners showed
high sensitivity to tone contours in the same direction; stops with level contour
elicited more fortis judgments, all else being equal, while those with rising con-
tour elicited more lenis judgments. As indicated by the significant interaction, this
tendency was much more pronounced for the experienced than for the naive lis-
teners. Because both tone contours were preceded by a fixed level tone in the
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first syllable, the significant perceptual differences between the two contour con-
ditions can only be attributed to the presence of the internal contour.

This asymmetry may be captured with reference to the intrinsic properties of
the two contours. Specifically, a level contour lacks an intrinsic contour, whereas a
rising contour involves a large change in f0 from low to high over the entire sylla-
ble. The high f0 in the subsequent portion of the rising contour may elicit an audi-
tory contrast such that the low f0 at the beginning of the vowel is perceived as even
lower, which provides positive evidence for lenis stops. In contrast, the level con-
tour is perceived rather veridically due to the lack of an intrinsic contrast, leading
to more fortis judgments for the acoustically identical f0. The finding that experi-
enced listeners showed the effect in a greater magnitude also makes sense, given
that they are more sensitive to f0 changes used in the speech signal. Moreover, the
listeners’ sensitivity to the specific tone contours has general implications for the
studies of stop identification. In addition to the locally defined f0, the identifica-
tion of stop sounds arises from the integration of the global f0 contour as well,
echoing Oglesbee (2008).

The underlying mechanism of the effect of the intrinsic tone contour is pre-
sumably analogous to the extrinsic context effects attested in lexical tone and stop
perception. It is well established that tone language speakers identify a tone as
high when preceded by a low tone, while the physically identical tone is perceived
as low when preceded by a high tone (Moore & Jongman 1997; Wong & Diehl
2003; Francis et al. 2006). Likewise, studies have observed an asymmetry in stop
perception depending on local contexts; for an ambiguous stop spectrum, listen-
ers tend to hear more [d]s (spectrally higher stops) next to [1] (spectrally lower lig-
uid) while [g] perception (spectrally lower stops) is more frequent when adjacent
to [1] (spectrally higher liquid) (Mann 1980; Lotto & Kluender 1998). The unique
contribution of the current finding is that the auditory contrast in tone is further
integrated to draw systematic asymmetries in stop perception.

Yet one question still remains to be answered. Why did this contrast effect
hold mostly in the second experiment with the word-medial stops? Recall that
a minor effect of this kind was found in the first experiment with word-initial
stops. Experienced learners in the first experiment showed a trend of giving more
lenis responses in the rising contour condition, but the effect was not statistically
significant. This trend was, however, greatly enhanced in the second experiment
with the word-medial stop identification particularly for the experienced learners.
While drawing a full picture of this pattern is beyond the scope of this study, two
scenarios or a combination of the two seem plausible. One possibility is that in
word-initial position, phonetic cues such as f0 (or VOT depending on the listen-
ers’ language experience) are so salient that they take precedence over other fac-
tors such as contrast effects from a rising f0 contour. Another possibility is that in
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the second or non-initial position, it is inherently easier to perceive tone contours
because of the way in which speech signals unfold in time, and those in the initial
or preceding syllables are likely to serve as better references.

5.  Conclusion

The present study tested perceptual assimilation patterns of the Mandarin unaspi-
rated stops by Korean listeners with or without experience in Mandarin Chinese.
Compared to naive listeners who interpreted the stimuli with short-lag VOTs
mostly as fortis stops, learners showed a dominance of f0 over VOT cues: low f0
strongly signaled lenis stops while high f0 signaled fortis stops. This tone-induced
split in category mapping by the learners was discussed with reference to the sta-
tistical learning mechanism whereby the bimodal distribution of f0 frequencies in
Mandarin tones may have facilitated the establishment of two separate stop cat-
egories. The findings of the present study contribute a novel case to the litera-
ture in which the knowledge of L2 phonetics and phonology may be so pervasive
as to drive the rephonologization of the L2 sound categories using distinct cue-
weighting strategies from those in the native system. It is hoped that more empir-
ical data will become available to better understand the role of the knowledge of
L2 phonological structures in the development of second language acquisition.
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