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Many studies have examined novel tone perception, but few have investigated the interaction between novel tone

perception ability and phonotactic structure. We examined the discrimination of Thai low and mid tones by native

Mandarin and native English participants across four syllable types (CCVV, CVV, VV, hums) to test the interaction

between first language suprasegmental experience and phonotactic complexity on novel tone discrimination. We

also tested the impact of unfamiliar consonant clusters and unfamiliar segments in the onset. Across syllable

types, native Mandarin participants discriminated tones better than native English speakers. Further, discrimina-

tion ability was not impacted by phonotactic complexity. However, unfamiliar syllable structure impacted discrim-

ination ability for native Mandarin participants in an unintuitive way. They discriminated tones significantly better in

CCVV syllables. Unfamiliar segments in the onset, however, had a negative impact on tone discrimination. The

presence of /N/ onsets, which are illegal in English and allophonically permitted in Mandarin, significantly reduced

tone discrimination accuracy. For native English participants, /N/ onsets resulted in no discrimination between

tones. These results suggest that the phonotactic structure of carrier words for tones interacts with L1 phonotactic

experience in modulating novel tone perception ability.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Many of the world’s languages have lexical tone, where
contrasting pitch patterns on lexical items carries semantic
meaning (Maddieson, 2013; Yip, 2002). When an adult
attempts to acquire an additional language that has lexical
tones, their ability to perceive the tone categories varies as a
function of their experience with suprasegmental features in
other languages they know. The ability to perceive novel tone
contrasts has been a topic of inquiry for sixty years. The pri-
mary debate has centered on the extent to which previous
experience with lexical tone benefits a person during novel
tone perception. More recently, however, studies have begun
examining other factors that interact with L1 suprasegmental
experience during novel tone perception. We add to this grow-
ing literature by examining the interaction between L1
suprasegmental experience and phonotactic structure during
novel tone discrimination.
2. Background

As a child learns their first language, they progressively
develop phonemic categories specific to that language
(Eimas et al., 1971; Kuhl, 1987; Werker, 1989; Kuhl et al.,
1992). They learn to differentiate between phonemic cate-
gories based on features including voice onset time, phona-
tion, F1, F2, F0 (pitch) height, and F0 contour, which vary as
a function of the specific language. As the child learns their first
language (L1), they learn to differentiate phonemic categories
using only features present in their L1. Consequentially, as
they gain experience with the L1, the ability to discriminate
between contrasts not present in their L1 is reduced. A com-
monly used example is the difficulty Japanese speakers face
when discriminating between the English “r” and “l” (Goto,
1971; MacKain et al., 1981, Sheldon & Strange, 1982). For
Japanese speakers this difficulty arises as English differenti-
ates between two phonemes, but in Japanese a single pho-
neme utilizes the same phonological space (Sheldon &
Strange, 1982). When a person learns a second language,
they often attempt to map the phonological space of the L2
onto the available acoustic spaces in their L1. Several speech
perception models have been presented to account for this
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mapping. The Perceptual Assimilation Model (PAM) (e.g.,
Best, 1995; Best & Tyler, 2007), the Speech Learning Model
(SLM) (e.g., Flege, 1995), and the Second Language Linguis-
tic Perception Model (L2LP) (e.g., Escudero, 2005) all predict
that L2 learners will try to map L2 phonemic categories to L1
categories that are closest to them in native phonological
space. However, this mapping can occur in various ways.
For example, two target L2 phonemes may be mapped onto
a single L1 category, as in the Japanese example above. This
can create difficulty in learning the two competing phonemes. It
is much easier when two L2 phonemes map onto two different
L1 categories. However, for some cases there simply is no L1
category for the L2 phoneme to map onto and the resulting
acquisition of the phoneme can vary widely from poor to excel-
lent (Best, 1995).

Some languages, such as Mandarin and Thai, have tone
categories, where pitch height and/or pitch contour differenti-
ate categories. L2 learners with tonal L1s are able to map sim-
ilar L2 tone categories onto L1 tone categories (Reid et al.,
2015; Chen et al., 2018; Chen et al., 2019, Chen et al.,
2020). Chen et al. (2020) investigated the ability of native Man-
darin speakers to match Thai tones to Mandarin tone cate-
gories. Thai tones that were similar to Mandarin categories
were more consistently matched to Mandarin tone categories
than dissimilar tones. Results from other studies suggest that
experience with L1 tone benefits an L2 learner’s ability to dis-
criminate between two or more novel tones in the target lan-
guage (i.e. novel tone discrimination; Lee et al., 1996;
Wayland & Guion, 2004; Wang et al., 1999). On the other
hand, L2 learners with non-tonal L1s (e.g. English) do not have
L1 categories to map L2 tones onto. Research suggests that
novel tone discrimination is difficult for native English speakers
(Kiriloff, 1969; Bluhme & Burr, 1971; Shen, 1989; Sun, 1998;
Wang et al., 1999; Wayland & Guion, 2004; Reid et al.,
2015), but training studies have shown that they are capable
of learning to discriminate between tone categories (Chen &
Pederson, 2017; Chen et al., 2019), forming tone categories
(Kiriloff, 1969; Wang et al., 1999; Guion & Pederson, 2007),
and using tone categories to learn new lexical meanings
(Wong & Perrachione, 2007). The contrast of L1 tonal experi-
ence on novel tone perception is investigated in the present
study by testing the perception of novel Thai tones by native
English speakers and native Mandarin speakers.

The effect of the participants’ L1 on novel tone discrimina-
tion has been studied in depth. However, while results from
some studies suggest that the L1 of the participant predicts
perception accuracy (Lee et al., 1996; Wang, et al., 1999;
Wayland & Guion, 2004; Wayland & Li, 2008; Qin & Mok,
2013), results from other studies suggest that the L1 effect is
not consistent (Francis et al., 2008; So & Best, 2010). The lat-
ter studies point out that predicting novel tone discrimination
ability is more complex than a simple dichotomy between tonal
and non-tonal L1s. Results from these studies suggest that
prosodic factors in the L1 (Francis et al., 2008), and phonetic
features of the target tones affect novel tone perception (So
& Best, 2010). The current study adds to this literature by
examining phonotactic factors affecting the perception of novel
tone categories. Specifically, we look at the interaction
between L1 background and syllable structure in predicting
discrimination accuracy.
Some previous work has demonstrated that tone learning
can be improved by pairing specific tones with specific sylla-
bles (see, e.g., Chan & Leung, 2020; Wiener & Ito, 2015,
2016; Wiener, Ito, & Speer, 2018, 2021). In this work, learners
are better able to acquire novel lexical tones when those tones
are learned in specific syllable-tone co-occurrence patterns.
This work suggests that listeners jointly process tone and syl-
lable information.

However, nearly all tone discrimination and tone learning
studies use, almost exclusively, tokens comprised of conso-
nant–vowel (CV) syllables with L1-like segments. The use of
these types of stimuli results in tone perception studies that
specifically avoid using segments or phonotactic structures
that are not native to the participants’ first language or use
pseudowords to avoid negative effects from non-native phono-
logical patterns (e.g., Wong & Perrachione, 2007;
Chandrasekaran et al., 2010). This is often a practical deci-
sion, as CV syllables are often easy to record and manipulate,
and controlling for segmental content reduces the number of
variables included within the stimulus set. However, some-
times this methodological decision belies a theoretical
assumption that phonotactic complexity and/or novel seg-
ments may impact learning. For example, Liu et al. (2011)
explicitly state that CV tokens are used based on the hypothe-
sis that phonotactic complexity, especially involving novel seg-
ments, inhibits the learner’s ability to attend to tone. They
chose legal English syllable structures so that participants
would not be distracted by unfamiliar syllables. However, the
question remains whether participants are actually distracted
by unfamiliar syllable structures or segments and to what
extent. In the present study, we test unfamiliar syllable struc-
tures by including tokens with complex onsets (CCVV). Man-
darin does not have complex onsets and so if unfamiliar
syllable structures matter, then we would expect that native
Mandarin participants would do worse on CCVVs than on
CVVs.

We also test illegal phonotactic structures by including trials
with CVV tokens having /N/ in the onset. In Thai /N/ onsets are
legal, but English phonotactic structure does not permit /N/ in
the onset. Thus, if illegal syllable structure matters for novel
tone discrimination, then we would expect native English par-
ticipants to have worse discrimination accuracy on /NVV/ trials
than on /nVV/ trials. Predicting results for native Mandarin
speakers on CVV trials is less clear. In Mandarin /N/ can occur
in the onset as an allophonic variant when no other onset is
present (Duanmu, 2007). So, if native Mandarin speakers do
worse on /NVV/ trials, it would suggest that although /N/ onsets
are legal allophonically, they may be processed differently than
phonemically legal onsets, resulting in disruption during
suprasegmental discrimination.

Furthermore, due to experience with the L1, listeners may
also be endogenously oriented to focus on different features
in the stimuli. For example, tone perception studies show that
native English listeners weigh pitch cues differently than Man-
darin listeners (Guion & Pederson, 2007). Also, Chen and
Pederson (2017) found that when attention is directed to seg-
ments, English learners of Southern Min do not improve in tone
discrimination. That is, when listeners are asked to attend to
consonant contrasts during training, they fail to acquire novel
tone categories. However, when using the same stimuli, listen-



1 It is important to note that while some work has suggested that hums are processed
quite differently from linguistic stimuli (e.g., Van Lancker & Fromkin, 1973), other work has
suggested that suprasegmental contrasts on hummed utterances can be linguistically
meaningful (Gardner, 2001). Indeed, when listeners expect to process linguistically
meaningful content, they can do so even with quite artificial and unnatural stimuli (e.g.,
Remez et al., 1981). Given that the hums in the present study are naturally produced and
are presented along with more linguistically-typical stimuli (i.e., stimuli with consonants and
vowels), we have no reason to believe, a priori, that these stimuli ought to be processed
differently from the other stimuli in the present study.
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ers are able to learn tone categories when asked to attend to
tone, instead of initial consonants. It may be that native English
speakers, due to lack of experience with lexical pitch, are
endogenously oriented to direct their attention to segmental
structure during auditory perception, leading to difficulty during
tone discrimination and tone category formation during L2
acquisition. Thus, we ask whether trials composed of tokens
with lower phonotactic complexity would permit greater
endogenous orientation to F0 information, resulting in greater
discrimination accuracy. If so, we would expect to see an
inverse linear relationship between phonotactic complexity
and tone discrimination accuracy (i.e. discrimination scores
on CCVV trials would be lower than trials composed of
monophthong tokens (V)). The hypothesis that tone discrimi-
nation will be easier in less phonotactically complex syllables
also has a foundation in the composition of the world’s lan-
guages. There is a significant negative correlation between
syllable structure complexity and the complexity of tone sys-
tems in the world’s languages (Maddieson, 2007). This may
suggest that in general, humans perceive tone more easily in
the presence of lower phonotactic complexity.

The current study also contains naturally produced
hummed tokens (hums). By including hummed tokens, we
are able to investigate whether even further reduction in sylla-
ble complexity could modulate tone perception. The inclusion
of these tokens is motivated by significant previous work that
has investigated hummed tokens and tokens with segments.
Van Lancker and Fromkin (1973) used hums to test Thai par-
ticipants’ discrimination of Thai tones in “non-linguistic” tokens
and found that listeners processed hums differently from
tokens with segments. They concluded that tones in hums
are processed as non-speech sounds. Similarly, Jia et al.
(2013) used dichotic listening to test Cantonese participants’
discrimination of tones across tokens with segments and
hums. They failed to replicate a significant difference in the
cognitive processing of hums and tokens with segments. Over-
all, there have been relatively few studies on novel tone per-
ception that use naturally produced hums. Therefore, while
the suggestion that hums are perceived differently from tokens
with segments continues to be a theme in speech perception
studies, there is no overwhelming evidence from previous
research that would lead us to conclude that the participants
in the current study are perceiving hums differently from the
other token types.

An issue that is even less clear is whether a difference in the
processing of hums compared to the other token types would
result in reduced or improved accuracy. Results from Van
Lancker and Fromkin (1973) do not suggest that participants
were more or less accurate on hums than on other token types.
Jia et al. (2013), however, found that the discrimination of
tones in hums was significantly worse than in tokens with seg-
ments. Overall, there is little evidence from research on the
cognitive processing of novel tones in naturally produced hums
to permit the development of a hypothesis and interpretation of
the results in the current study. However, Jia et al. (2013) pre-
sented a hypothesis that is more measurable. They hypothe-
sized that the lower accuracy on hums was due to the lack
of acoustic complexity in hums compared to tokens with seg-
ments, stating that hums likely have fewer acoustic clues that
could be used to discriminate tones. In our own stimuli, as
shown in Section 3, hums do contain fewer acoustic cues that
could be used to discriminate tones than tokens with seg-
ments. Thus, it is unclear whether the cognitive processing
of hums differs from tokens with segments, and the current
study does not speak to this question. However, it is clear that
hums can contain fewer acoustic cues than tokens with seg-
ments. Therefore, by comparing the discrimination of tones in
hums and tokens with segments, we test whether the reduction
of acoustic cues that are normally present in tonal information
reduces discrimination accuracy. Based on results from Jia
et al. (2013), it is likely that tone discrimination in hums will
be worse than CCVV, CVV, or VV syllables1.

In the remainder of the manuscript we present an experi-
ment designed to examine whether phonotactic structure inter-
acts with tone perception for English and Mandarin listeners. In
Section 3, we provide an acoustic description of our stimuli. In
Section 4 and Section 5, we discuss the experimental method-
ology and results. In Section 6, we discuss the implications of
these findings.
3. Acoustic description of the stimuli

The current study uses naturally produced tokens that
include various syllable structures. CCVV and CVV syllables
both use two different onsets. This variability in our choice of
tokens, as well as inherent variability across productions of
the tokens present acoustic variations that may impact discrim-
ination ability, but may not be tied directly to F0. Therefore, it is
beneficial to discuss differences in the acoustic signal that
arise from the chosen segments and syllable structures and
how those differences might impact the results from the study.
We begin by describing the methodology used to create the
stimuli.

Stimuli were recorded by two female native Thai speakers,
age 26 and 31. Recordings took place in sound attenuated
booths using a Shure SM35-XLR headworn microphone
recorded onto a Zoom H4N Pro audio recorder. Talkers said
the target tokens three times using the carrier phrase [kʰa�u
phu :t kham wa : ___ sɔ�N khráN] ‘they say the word ___ two
times’. After transferring files to a computer, each token was
extracted from the carrier phrase using Praat (Boersma &
Weenik, 2015). Four recordings of each token type were made,
and two recordings of each type were selected for each talker,
choosing the two most similar recordings of the token type,
with duration and similarity in pitch contour being primary fac-
tors. The chosen tokens were tested with five native Thai
speakers, who were able to identify the tones used in each
token with 88.3% accuracy (SD = 8.4). This accuracy score
is high, considering that hums and nonwords were included
and that the mid and low tones are the most challenging pair
for Thai speakers to differentiate (Abramson, 1976). These
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stimuli provided two stimulus sets per talker for a total of 24
tokens per talker – 48 altogether.

The stimulus set consisted of CCVV syllables, /kʰraː/ and /
plaː/, CVV syllables, /naː/ and /Naː/, VV syllable, /aː/, and a
hummed syllable. To create minimal pairs in each of these
types, standard Thai mid and low tones were used as they
are acoustically similar and are known to be difficult to discrim-
inate in isolation (Wayland & Guion, 2004; Wayland & Li,
2008). Fig. 1 illustrates the tone contours from the stimuli used
in the experiment with normalized time. The contours repre-
sent means extracted from every ten percent of the duration
of the tone bearing unit across all tokens. The initial and final
portions of the durations were not used as they included large
numbers of missing and randomly jittered values due to transi-
tions to silence. F0 values were extracted using Praat
(Boersma & Weenink, 2015), and the values were carefully
inspected. Values were sometimes missing or randomly jit-
tered due creaky voice, which occurred predominantly on
lower F0 contours. These values were then measured manu-
ally. The light grey areas bordering the F0 contours
represent ± 1 standard error of the mean.

The use of mid and low tones with each syllable type
resulted in a necessary use of some nonce words to complete
the stimulus set, specifically in the CCVV syllables, where low
tone does not naturally occur. It is possible that the lack of lex-
ical status of the CCVV + low tone syllables resulted in acous-
tic differences in the signal, particularly in the acoustic
realization of the initial cluster. This may have contributed to
the variability present in the CCVV tokens, and the variability
may have affected tone discrimination accuracy on CCVV syl-
lables compared to CVV and VV syllables, which had fewer
issues regarding lexical status. Our analysis of CCVV sylla-
bles did not find acoustic differences that could be directly
attributed to lexical status. However, when tokens were tested
with native Thai speakers, CCVV syllables were identified with
the highest accuracy (96.3%; CVV = 83.8%, VV = 87.5%,
hums = 82.5%).

During the creation of the stimulus set, tokens were normal-
ized for peak intensity. The durations of tokens were also
equalized to within 0.15 seconds within trial by shortening
longer tokens. Acoustic characteristics of the stimuli, including
F1, F2, and F3 average and midpoint, and intensity and F0
mean, min, max, and range, were inspected for potential differ-
ences that would make any syllable type or individual token
easier or harder to perceive. While there were no clear acous-
tic differences between the stimuli in these measurements, our
investigation of the stimuli resulted in the identification of the
following differences, which potentially could affect discrimina-
tion ability.

As mentioned, hums are used in tone perception studies as
they reduce acoustic information to F0 without presenting addi-
tional segmental information. An acoustic investigation of the
stimuli used in the current study reveals that hums did reduce
acoustic cues compared with tokens with segments. All hums
were produced without creaky voice, which is identified as
irregular glottal pulses identifiable in the waveform or spectro-
gram. By contrast, in tokens with segments, creaky voice
sometimes occurs concurrently with low tones. This distinction
is shown in Figs. 2 and 3, where creaky voice is only present in
/a:21/. F0, which is illustrated by the dotted line, is disrupted
in /a:21/ by creaky voice towards the end of the utterance.
Creaky voice is known to occur naturally on low tones
(Davison, 1991; Thepboriruk, 2009) and can be used by native
listeners to discriminate tones (Yu & Lam, 2014). However, the
extent to which non-native listeners utilize creaky voice in
novel tone discrimination is unclear. By including hummed
tokens, we examine the impact that differences in the acoustic
signal, particularly between phonation types, has on novel tone
discrimination. One possible result is that listeners will do
worse on hums compared to other syllable types due to the
presence of creaky voice on low tones in CCVV, CVV, and
VV tokens, which provides an additional acoustic cue to tone
differences. Results from Cao (2012) suggest that native Eng-
lish listeners are impacted by creaky voice during tone identi-
fication much more than native Mandarin listeners.
Therefore, it may be that native English listeners will exhibit
a greater difference in discrimination ability between hums
and other token types compared to native Mandarin listeners.
However, results from Cao (2012) also indicated that neither
group were able to use creaky voice to improve in tone identi-
fication accuracy. Therefore, it is also possible that the
absence of creaky voice on hums would not result in lower dis-
crimination scores for either group.

Potential differences in discrimination accuracy may also
arise from variations in the acoustic signal due to the various
onsets used. Duration, intensity, F0, F1, F2, and F3 across
the stimulus set are discussed in Section 3.2 Stimuli. How-
ever, variations in CVV and CCVV syllables are worth
describing in more detail as they may impact suprasegmental
discrimination accuracy. For CCVV syllables /kʰraː/ and /plaː/
were used. Fig. 4 shows /plaː21/ and /plaː33/ with, as
expected, voicing on /l/ and thus F0 information occurring
after the initial voiceless stop. All /plaː/ tokens were identical
in this aspect. However, /kʰraː/ tokens were highly variable.

In Thai the production of /r/ varies widely across speakers
and within speaker and can be produced as [ɾ], [ɹ], [ɹ ], [r], or
[l]. Further, in everyday Thai speech /r/ is also regularly omit-
ted, being realized as a singleton. However, in the tokens
used in the current study /r/ was not realized as a singleton.
Fig. 5 shows three of the /kʰraː/ tokens used in the current
study. In the two /kʰraː21/ tokens the allophone [ɹ ] is used,
which is apparent in the spectrogram by the duration of the
segment, the lowered f3, and the lack of F0 information.
Fig. 5 illustrates variability across /kʰraː/ tokens used in the
current study. For example, the duration of [ɹ  ] differs between
the two /kʰraː21/ tokens. In the /kʰraː33/ token in Fig. 5, the
allophone [r] is used, which provides some F0 information.
Other /kʰraː/ tokens in the stimulus set use the allophone [ɾ].
Each allophone occurs with mid tones and low tones. There-
fore, CCVV syllables contain the greatest amount of acoustic
variability in the stimulus set used in the present study. As pre-
viously discussed, this type of variability in the acoustic signal
is specifically controlled in most tone perception experiments
as it is expected that such segmental variability would hinder
suprasegmental perception. And so, we may expect in the cur-
rent study that novel tone discrimination accuracy will be
worse in CCVV syllables.

For CVV syllables /naː/ and /Naː/ were used. Fig. 6 shows /N
aː21/ and /naː21/, and Fig. 7 shows /Naː33/ and /naː33/. Both /N
aː21/ and /naː21/ were produced with creaky voice, while /N



2 Given a variety of restrictions including limitations related to COVID-19, we were
unable to control for language background of our Mandarin speakers. All of them reported
being native Mandarin speakers and all are proficient in English, as is evidenced by their
admission to UO, which did not require additional English language courses. We do not
have reason to believe that the language backgrounds of our Mandarin participants
systematically impacted their performance, but future work could investigate the role of
specific home dialect of Mandarin on perception of Thai tones.

Fig. 1. Mean F0 contours and ± 1 standard error of the mean for mid and low tones across normalized time.

Fig. 2. Thai mid and low tones in a hummed token, showing no creaky phonation on mid or low tones.
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aː33/ and /naː33/ were not. On all four stimuli F0 information
occurs throughout the onset. Overall, there are no distinguish-
ing acoustic features in the onset of /Naː/ and /naː/ syllables
that might suggest one onset type would be easier to discrim-
inate tone in than the other. Thus, from a bottom-up perspec-
tive, performance on /Naː/ and /naː/ syllables should be
identical. Also, it may be expected that tone discrimination
accuracy would benefit from F0 information being carried
across the onset over other syllable types that have no onset
(VV and hums) or have voicing disfluencies in the onset
(CCVV). However, this possibility seems uncertain with the
tones used in the current study as both tones begin at the
same pitch height and only diverge after approximately 25%
of the utterance. Thus, the presence of F0 information in the
onset would not provide the listener with contrastive tonal
information.
4. Methods

4.1. Participants

Twenty-nine native English speakers (8 male, 21 female)
between 18 and 30 years old and thirteen native Mandarin
speakers (7 male, 6 female) between 18 and 31 years old
participated in this experiment2. Participants were undergradu-
ates recruited from the University of Oregon Psychology and



Fig. 3. Thai mid and low tones in the token /a:/, showing creaky phonation on the low tone only.

Fig. 4. CCVV tokens /plaː21/ and /plaː33/, illustrating invariance in the initial cluster.
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Linguistics subject pool and received partial course credit for
their participation. Three native English speakers with severe
hearing impairments were removed from the study.
4.2. Stimuli

The stimulus set is discussed in Section 3. Twenty-four
unique tokens per talker were used, for a total of 48 unique
tokens.
4.3. Procedure

An AX (“same-different”) test was used to determine tone
discrimination accuracy across syllable types for the two
groups. The two tokens in each trial either had the same tone
or different tones. To increase the difficulty of the task, each
token within a trial was produced by a different talker.
Wayland and Guion (2004) and Chen et al. (2019) used differ-
ent speakers within trial to increase difficulty so that listeners
would not demonstrate ceiling effects. Chen et al. (2019) also



Fig. 5. CCVV tokens /kʰraː21/, /kʰraː21/, and /kʰraː33/, illustrating variability in the initial cluster.

Fig. 6. CVV tokens /naː/ and /Naː/ with low tones.
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examined suprasegmental discrimination using different vow-
els within trial, finding that the different-speaker-different-vowel
condition was the most difficult. Furthermore, Wayland and
Guion (2004) results indicated that different-speaker-same-
vowel discrimination tests with five (three female, two male)
talkers resulted in participants having little or no discrimination
ability, even after training. Pilot testing with our stimuli revealed
that participants were at ceiling in same-speaker-same-vowel
tests and at floor in different-speaker-different-vowel tests.
Therefore, the AX test used in the current study was
different-speaker-same-vowel, with two talkers and the order
of talkers in each trial was randomized.
As multiple talkers were used on each trial, issues may
arise regarding the pitch height and range of the talkers. For
example, if one talker tends to have higher pitch, then the
height of a low tone may be comparable to the height of the
other talker’s mid tone. To address this issue, Table 1 provides
the F0 ranges across tokens for both talkers in both tone
types, and Fig. 8 presents the tone contours from the stimuli
from Talker A and Talker B with normalized time. Table 1
and Fig. 8 illustrate two main differences between talkers.
The F0 range of the mid tone differed because Talker B
tended to drop the F0 at the end of the utterance and Talker
A did not. Further, overall, F0 was higher for Talker B than



Fig. 7. CVV tokens /naː/ and /Naː/ with mid tones.

Table 1
F0 range, min, and max for Talker A and Talker B in mid and low tones across all tokens.

Talker Tone F0 range mean(sd) F0 min F0 max

A mid 19.6 (7.1) 169.3 212.7
low 50.4 (11.1) 128 202.9

B mid 56.4 (7.3) 149.9 229.1
low 50.9 (15.7) 152.5 238.3

Fig. 8. Mean F0 contours and ± 1 standard error of the mean for mid and low tones across normalized time.
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for Talker A. An immediate question is whether this resulted in
differences in discrimination. It seems likely that the mid tone
from Talker A would be perceived much more similarly to the
low tone from Talker B than the opposite. Specifically, it is
likely that discrimination accuracy would be lower on trials that
contain Talker A mid tone and Talker B low tone than on trials
with Talker A low tone and Talker B mid tone. This is mea-
sured and discussed in Section 5. It is important to note here
that all participants heard the same trials, meaning that no par-
ticipant had an advantage or disadvantage from hearing
easier or harder trials.

As discussed, there were two sets of tokens. Each set con-
tained 24 tokens composed from the stimulus types /kʰraː/, /
plaː/, /naː/, /Naː/, /aː/, and hums with a mid tone and a low tone
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for each talker. To make stimulus types equal, /aː/ and hums
were duplicated for a total of 32 tokens for each set of tokens.
Separate trial sets were created for each set of tokens. The
two tokens in each trial were separated by a 1000 ms inter-
stimulus interval. Every trial contained a single stimulus type
and one token from each talker. Trials were counterbalanced
on a variety of dimensions. Half of the trials had the same tone
(i.e. no change trials) and half had different tones (i.e. change
trials). Talker order (Talker A – Talker B, Talker B – Talker A)
and tone order (low – mid, mid – low, mid – mid, low – low)
were also counterbalanced, resulting in 32 trials for each
syllable type. Trials were randomized into four blocks of 32
trials each. A final block of 64 trials included 16 trials from
each syllable type. In total there were 192 trials for each
participant.

Participants received a brief explanation of the difference
between the tones used in the study, accompanied by exam-
ples. They were informed that they would hear two sounds
on each trial and that the sounds would have a different tone
or the same tone and they would need to decide if the tones
were the same or different. The meaning of ‘tone’ was then
explained to the participants. It was explained that some lan-
guages, along with consonants and vowels, have tones, which
is where the pitch changes the meaning of the word and that
the pitch can rise or fall or be high, medium, or low. Then an
auditory example containing two productions of the same tone
by the same Thai speaker was played and the participants
were told that the tones were the same. Then another auditory
example containing two productions of different tones by the
same Thai speaker was played and the participants were told
that the tones were different. The participants were also told
that the utterances would come from different talkers and that
the consonants would differ across trials. Finally, the partici-
pants were directed to attend to the tones and ignore other
details. Then they did ten practice trials with feedback, consist-
ing of five change and five no change trials. Practice trial feed-
back included whether they were correct or incorrect and what
the tones were. After completing the practice trials, the partic-
ipants completed the 192 trials of the main task. In the main
task, feedback was not given. Finally, they completed a lan-
guage background questionnaire.
4.4. Data analysis

Participant performance was analyzed via model compar-
isons of linear mixed-effects regression models from the
lme4 package (Bates et al., 2015) within the R computing pro-
gram (R Core Team, 2019). The independent variable was dis-
crimination ability, measured through d’ scores. A d’ score is a
measure of sensitivity to the signal that reduces decision bias.
Fixed effects in the models include L1 background (native Eng-
lish or native Mandarin) and syllable type (CCVV, CVV, VV, or
hums). Depending on the hypothesis under examination, sylla-
ble type was Helmert coded or simple effects coded. The inter-
action between these effects was also included in models. The
maximal random effect structure that allowed the models to
converge was used, which included random intercepts for par-
ticipants. Model comparisons analyzed significance by testing
whether a particular factor or interaction significantly
contributed to the model fit.
5. Results

As discussed in Section 4.3, it is likely that discrimination
accuracy would be lower on trials that contain Talker A mid
tone and Talker B low tone than on trials with Talker A low tone
and Talker B mid tone. To assess this question we measured
accuracy on trials that contained these combinations. As
expected, trials that contained Talker A mid tone and Talker
B low tone were more difficult. Specifically, percent correct
scores for native English listeners were lower on Talker A
mid tone and Talker B low tone trials (35.6%, 20) than on Talker
A low tone and Talker B mid tone trials (71.9%, 22). Percent
correct scores for native Mandarin listeners also followed this
pattern, being lower on Talker A mid tone and Talker B low tone
trials (52.7%, 29.8) than on Talker A low tone and Talker B mid
tone trials (82.7%, 19.7). These results suggest that there was
a difference in trial difficulty attributable to talker variations in
pitch. However, as mentioned in Section 4.3, all participants
heard the same trials. Therefore, it is clear that the choice of
talkers used in the stimuli set impacted the overall scores of
the participants in the study, but as all participants heard the
same stimuli, no group received an advantage from the stimuli.

Using model comparisons with linear regression models,
we tested the hypothesis that experience with tone in a first
language benefits listeners in novel tone discrimination. Native
English speakers and native Mandarin speakers significantly
differed on novel Thai tone discrimination (X2 (1) = 15.5,
p < 0.001). Native Mandarin speakers in this experiment were
substantially better than native English speakers (see Fig. 9).

To see if the two groups differed as a function of syllable
type, we tested the interaction between L1 background and
syllable type, finding that discrimination across syllable types
was not the same for both groups (X2 (1) = 10.14,
p = 0.017). To see where the groups differed, we compared
discrimination scores across syllable types using Helmert cod-
ing. When comparing CCVV to CVV, VV, and hums, the differ-
ence between groups was significant (X2 (1) = 8.47, p = 0.004),
but there was no difference between groups when comparing
CVV to VVand hums (X2 (1) = 1.25, p = 0.26) or when compar-
ing VV to hums (X2 (1) = 1.25, p = 0.26). Further, the difference
between CCVV and the other types was significantly greater
for Native Mandarin speakers than for Native English speak-
ers. We predicted that Native Mandarin speakers would do
worse on CCVV than other types, but they actually did signifi-
cantly better (see Fig. 9).

To further test the hypothesis that native Mandarin speakers
would exhibit less accurate tone perception in CCVV syllables
compared to CVV and VV syllables due to a lack of familiarity
with complex onsets in the L1, we used a model comparison
using Helmert coded linear regression models, which showed
that d’ scores for native Mandarin participants on CCVV sylla-
bles was significantly different from CVV and VV scores (X2

(1) = 14.56, p < 0.001), while CVV scores were not different
from VV scores (X2 (1) = 2.02, p = 0.15). It was expected that
CCVV scores would be significantly lower than CVV and VV
scores, but CCVV scores were significantly higher than CVV
and VV scores, as illustrated in Fig. 9.

We tested the hypothesis that native English speakers and
native Mandarin speakers would exhibit less accurate tone
perception in CVV syllables with /N/ in the onset, which is



Fig. 9. Boxplot of Native English and Native Mandarin d’ scores across syllable types.
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phonotactically illegal in English and only allophonically
allowed in Mandarin. Model comparisons using linear regres-
sion models showed that d’ scores on /naː/ syllables were sig-
nificantly different from /Naː/ syllables for both groups (X2

(1) = 5.36, p = 0.02), and they showed that an interaction
between L1 and CVV type was not significant (X2

(1) = 1.097, p = 0.29). These results, illustrated in Fig. 10, sug-
gest that having /N/ in the onset negatively impacts tone per-
ception, and this impact is not different for the two groups.
However, while native English participants exhibited some dis-
crimination ability between the tones in /naː/ trials, their dis-
crimination scores for /Naː/ trials was at zero. We also tested
the main effect of L1 background across CVV syllables, and
results showed that d’ scores for native Mandarin participants
across CVV syllables was significantly different from native
English participants’ scores (X2 (1) = 11.53, p < 0.001). Overall,
native Mandarin participants were more accurate on CVV
syllables.
6. Discussion

6.1. Summary of main findings

In the current study, we examined the effect of L1 back-
ground and phonotactic structure on novel tone discrimination.
Specifically, we tested whether L1 background has an overall
effect on novel tone perception across syllable types. Results
suggested that native Mandarin participants were significantly
better at discriminating between Thai mid and low tones than
native English participants. We also examined the effect of syl-
lable type on the discrimination of novel tones for each group
to test our hypotheses. One hypothesis was that syllable struc-
ture would matter for novel tone discrimination. Specifically,
one possibility was that phonotactic complexity would matter
for novel tone discrimination, with discrimination being worse
as complexity increased. However, results did not indicate a
relationship between syllabic complexity and discrimination
ability. Also, it was hypothesized that hums would differ from
the other syllable types in predicting accuracy. Hums did not
differ from CVV or VV but were worse than CCVV in predicting
accuracy. It was also expected that the variability present in the
onset of CCVV syllables would negatively impact discrimina-
tion accuracy. However, overall, participants did better at dis-
criminating tones in CCVV syllables. Another hypothesis was
that participants would do worse on phonotactic structures that
were not legal in their L1. It was expected that Mandarin partic-
ipants’ tone discrimination ability would be hindered by CCVV
structures. However, they actually performed significantly bet-
ter on CCVV syllables compared to CVV, VV, or hums. Our
stimuli set also permitted the examination of the effect of /N/
onsets on novel tone discrimination. Results suggest that /N/
onsets, which are illegal in English and only permitted allo-
phonically in Mandarin, significantly hindered the discrimina-
tion of novel tones compared to /n/ onsets for both groups.
For native English speakers the effect reduced discrimination
ability to zero.

In the following sections we discuss results from the current
study in relation to the hypothesis that syllable structure inter-
acts with L1 background in predicting novel tone discrimination
ability. Specifically, we address the effect of L1 background on
novel tone discrimination and what the current results add to
the ongoing discussion regarding the impact of first language
experience with lexical tone on the ability to perceive and learn
second language tone categories. We then discuss the effect
of phonotactic structures on novel suprasegmental perception,
addressing the long-held hypothesis that the inclusion of
greater phonotactic complexity or novel phonotactic segments
and structures in the stimulus set will hinder discrimination
ability.
6.2. The effect of L1 background on novel tone perception

Results from the current study add to the growing body of
evidence which suggests that predicting novel tone perception
is more nuanced than a simple dichotomy between those with
and without L1 tone experience. If we combine all trial types,



Fig. 10. Boxplot of native English and native Mandarin d’ scores on the CVV types /na:/ and /Na:/.
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we find that native Mandarin participants outperform native
English participants. Thus, we could infer that L1 tone experi-
ence robustly accounts for novel tone perception ability, a con-
clusion frequently reached by many early tone perception
studies. However, results from the current study, along with
results from recent studies, suggest that novel tone discrimina-
tion ability is moderated by other factors. That is, an argument
of improved tone perception just as a function of L1 back-
ground is overly simplistic for the real-world complexity of per-
ception and acquisition of unfamiliar languages which use
tone.

As discussed, overall discrimination scores in the current
study follow results from studies suggesting that L1 tone expe-
rience robustly predicts novel tone perception and learning
accuracy (Lee et al., 1996; Wang et al., 1999; Wayland &
Guion, 2004; Wayland & Li, 2008; Qin & Mok, 2013). The
explanation in these studies is typically that listeners with L1
tone experience are able to utilize their experience with lexical
tone in their first language to more accurately perceive novel
tones than those without L1 tone experience. The underlying
hypothesis is that those with existing L1 tone categories are
able to map the novel tones onto these L1 categories (see
Reid et al., 2015; Chen et al., 2018, 2019, 2020), and this map-
ping results in a facilitatory effect during novel tone perception.
Those without L1 tone categories, however, are unable to ben-
efit from such mapping and thus have greater difficulty differen-
tiating novel tones. It has been suggested that those without L1
tone experience may be able to utilize L1 intonational cate-
gories for novel tone category mapping (Francis et al., 2008),
but more recent results indicate that L1 intonational categories
are not as beneficial during novel tone mapping as L1 tone cat-
egories (Reid et al., 2015). We may be tempted to conclude
that novel tone perception ability is determined solely from
experience with L1 tone or intonation categories. However, a
fixation on overall accuracy limits our perspective of novel tone
perception.

Although L1 intonational experience may not be as benefi-
cial for overall novel tone perception accuracy as L1 lexical
tone experience, L1 suprasegmental experience in general
impacts novel tone perception in a variety of ways. For exam-
ple, depending on the listener’s experience with L1 tone or L1
intonation the tones of the novel language may be easy or dif-
ficult to discriminate, identify, and learn (Francis et al., 2008;
see also the body of work on the Perceptual Assimilation
Model for Suprasegmentals (PAM-S) including So & Best,
2010). In the present study, we expand the understanding of
which factors interact with L1 suprasegmental experience dur-
ing novel tone perception by examining the impact of phono-
tactic structure on novel tone discrimination for those with
and without L1 tone experience.
6.3. Phonotactic structure and novel tone discrimination

Phonotactic structure and familiarity impact novel tone dis-
crimination in several ways and effects are modulated by the
listener’s L1 background. In the following sections we discuss
these results in detail and analyze their impact on the current
understanding of novel suprasegmental perception.
6.3.1. The effect of syllable structure on novel tone discrimination

Results from the current study suggest that greater phono-
tactic complexity across trials does not result in lowered dis-
crimination ability across the board. That is, as complexity
increases, novel tone discrimination ability does not decrease.
Rather, in some circumstances complex onsets result in
greater discrimination ability than tokens with more simple syl-
lable structure. This was an unexpected result for several
reasons.

First, phonetic and phonotactic stimuli variability has been
included in some tone perception studies with results indicat-
ing phonetic variability and syllabic complexity have an inhibi-
tory effect on novel tone discrimination. When there is greater
segmental and syllabic variability within trial (Liu et al., 2011;
Chen et al., 2019) and greater segmental complexity across tri-
als (Qin & Mok, 2013), novel tone discrimination ability is
reduced. Therefore, it was expected that greater segmental
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complexity in the onset would inhibit tone discrimination, but
that was not the case in the current study.

Second, most tone perception studies limit the syllabic com-
plexity of stimuli to one syllable type, typically CVV, operating
under the hypothesis that discrimination among temporally
integrated segmental and suprasegmental features are difficult
for beginning learners and naïve listeners to separate. Results
from Liu et al. (2011) and Chen and Pederson (2017) support
this hypothesis. Liu et al. (2011) found that beginning English
learners of Mandarin performed the best in trials with simple
onsets and consistent segments across tokens. When tokens
within trial varied in segmental and syllabic composition, partic-
ipants performed the worst at tone discrimination. Taken
together, we reasoned that an inhibitory effect of syllabic com-
plexity across trials may also occur, but an inhibitory effect was
not found. Rather, participants discriminated suprasegmental
information the best in trials with the greatest syllabic
complexity.

The reason why syllabic complexity in the onset did not neg-
atively impact novel tone perception across trials may be that
onsets in the present study were not temporally integrated with
tones to the extent necessary to direct attention away from
tonal contrasts. In our stimuli, F0 patterns occurred predomi-
nantly over the duration of the nucleus, with the initial F0
ranges of the two tones being nearly identical. Thus, the seg-
mental complexity introduced in the onsets of the stimuli did
not occur simultaneously with the F0 information which was
required to discriminate between the two tones. By contrast,
in studies where syllabic complexity is greater across the
nucleus and coda, novel tone discrimination is reduced (Qin
& Mok, 2013; Liu et al., 2011). Therefore, it may be that syllabic
complexity hinders novel suprasegmental discrimination pro-
portionate to its level of temporal integration. Further, as both
tones used in the study are identical in the initial part of each
token, differences in the onset do not obscure contrasting F0
information that participants might rely on to discriminate
tones.

It was also expected that syllable structure would interact
with L1 background during novel suprasegmental discrimina-
tion. Results indicated that L1 background did interact with syl-
labic complexity on novel tone discrimination but not as
expected. We expected that the lack of experience with com-
plex onsets in the L1 would have a negative impact on L2
suprasegmental discrimination for native Mandarin partici-
pants. As complex onsets are not permitted in Mandarin, it
was hypothesized that their presence would create an even
greater distraction for native Mandarin participants than for
native English participants. However, this was not the case.
Native Mandarin participants discriminated between tones sig-
nificantly better in CCVV syllables than in CVV syllables or VV
syllables and this difference was significantly greater than
native English participants.

One possible explanation for native Mandarin participants’
accuracy on CCVV trials is that the native Mandarin partici-
pants in the current study have sufficient experience with lan-
guages that have complex onsets to not be hindered by CCVV
structures. All participants were students recruited through the
University of Oregon Psychology and Linguistics subject pool.
Thus, all native Mandarin participants had met English profi-
ciency requirements at a university level. Entrance at the
University of Oregon requires scores of 88 on TOEFL, 7.0 on
IELTS, and/or 120 on Duolingo English Test. Such experience
with consonant clusters in English may have helped native
Mandarin participants overcome any inhibitory effects complex
onsets may have had. However, this explanation leads us to
expect performance on CCVV syllables equivalent to CVV or
VV syllables, but results from the current study indicated that
participants did better on CCVV syllables than any other sylla-
ble type. Further, this explanation would not clarify why the
increased discrimination ability in CCVV syllables over other
types was greater for native Mandarin participants than for
native English participants.

Another explanation for native Mandarin speakers’
enhanced performance on CCVV syllables is that they per-
ceived epenthetic vowels in CCVV syllables. Because com-
plex onsets are illegal in Mandarin, these listeners may
perceive CCVV syllables as CəCVV. Some studies suggest
that naïve listeners listening to consonant clusters that are ille-
gal in their L1 actually perceive a vowel between the conso-
nants. Dupoux et al. (1999) found that Japanese listeners
perceived epenthetic vowels in VCCV stimuli, which was an
illegal phonotactic structure in their L1. Guan (2016) had Man-
darin speakers transcribe Russian words containing conso-
nant clusters and words without clusters, instructing them to
assign tones to the syllables as well as segments. They fre-
quently included epenthetic vowels between the consonants
in a cluster. For stop + liquid clusters, the variety of cluster
used in the present study, listeners primarily assigned a low
tone to the epenthetic vowel. In the present study, if a low tone
exemplar was initially activated by an epenthetic vowel, the
native Mandarin participants may have experienced a percep-
tual benefit by being able to map that exemplar onto the Man-
darin low tone. Studies show that Mandarin speakers
consistently map the Thai low tone onto the Mandarin low tone
(Reid et al., 2015; Chen et al., 2019). The activated exemplar
in the epenthetic vowel may have then primed them to com-
pare the following mid or low tone to the first activated exem-
plar. Thus, the task would not simply be discriminating
between two novel tones. They would be discriminating
between two words that were activating the same number or
different number of exemplars, and this may be an easier task
than discriminating between two novel tones. However, due to
the lack of research on this area of speech perception, this
hypothesis is speculative, and it may be unlikely given that
the Mandarin speakers do have a relatively high proficiency
in English, a language that uses CC clusters very robustly.

An alternate hypothesis, suggested by an anonymous
reviewer, is that for Mandarin listeners, the only syllable type
that is illegal is the CCVV type. Therefore, they were able to
more easily assimilate all other tokens into their L1, perhaps
hindering their perception. The CCVV type, however, could
not be assimilated into any Mandarin category, potentially
allowing for an increased discriminability in the tone categories
for listeners. While it would be tempting to say that such an
account would predict, however, that native English partici-
pants should then perform well on the /N/ onset syllables,
one could instead predict that the additional effort in process-
ing an illegal syllable onset may disrupt their ability to process
tones, which are already more challenging for them than the
native Mandarin listeners.
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One final account of the unexpected high scores on CCVV
syllables by Mandarin listeners is that the greater segmental
complexity of CCVV syllables resulted in a greater number of
acoustic cues that could be used to distinguish tone cate-
gories. For example, in Section 3 we illustrated differences
between hums and other tokens. Hums contained fewer cues
that listeners could use to differentiate the tones. As discussed
in Section 3, we tested the stimuli with Thai listeners to see if
they were able to accurately identify the tones used. Hummed
stimuli resulted in the lowest accuracy scores (82.5%). This
may have been due to a lack of lexical meaning, but it could
also have been due to a reduced number of cues that Thai lis-
teners use to differentiate tone categories. By contrast, Thai
listeners were able to identify the tones used in CCVV syllables
with 96.3%, the highest of any token type. As Mandarin listen-
ers were also able to perform the best in CCVV syllables and
they did not have access to lexical meaning, it seems more
likely that the CCVV stimuli contained more cues to aid in
the differentiation of tone categories. If that is the case, then
it suggests that Mandarin listeners were able to utilize the addi-
tional cues to achieve higher discrimination accuracy in CCVV
syllables. Correspondingly, since native English speakers did
not perform better on CCVV syllables than other syllable types,
it would suggest that the native English participants in the
study were not able to attend to the additional cues in CCVV
syllables and use them above the other syllable types.

We also compared hummed tokens to other syllable struc-
tures. The results indicated that novel tone discrimination abil-
ity does not differ on hummed tokens compared to VV or CVV
tokens for native English participants or native Mandarin partic-
ipants. It was expected that hums may facilitate tone discrimi-
nation due to their low phonotactic complexity. Further,
previous work has suggested that hums are processed differ-
ently than tokens with segments (Van Lancker & Fromkin,
1973). There is neuroscientific evidence that tones in words
are processed as linguistic information, but tones in hums
are processed differently, as non-linguistic pitch information
(see Wang et al., 2004 for review). It has not been clear in pre-
vious work, however, whether differences in processing pro-
vide a benefit or detriment to suprasegmental perception.
Results from the present study are inconclusive. It is also pos-
sible that there are other acoustic features that may have con-
founded the results in the hum perception condition. An
acoustic analysis of the tokens revealed that voice quality dif-
fered between hums and tokens with segments. Tokens with
segments often had creaky voice on low tones, and hums
did not have creaky voice on low tones. It is often the case that
a set of lexical tones in a language are not simply composed of
variations in F0 but also can be composed of voice quality fea-
tures (Gordon & Ladefoged, 2001; Yip, 2002; Kuang, 2013). As
discussed in Gordon and Ladefoged (2001), creaky voice is
often associated with lowered fundamental frequency. Stimuli
in the present study followed this pattern. Creaky voice was
often associated with low F0, meaning that low tones often
had creaky voice while mid tones did not. This provided an
acoustic cue that may have been exploited in trials with tokens
containing segments, where low tones were often produced
with creaky voice. For hums, however, both mid and low tones
were consistently produced without creaky voice. This reduced
the number of cues differentiating the tones in hums.
Therefore, potential benefit from reduced phonotactic com-
plexity in hums may have been negated by a reduced number
of cues differentiating the tokens.

While our work directly investigates phonotactic structure, it
is connected to work that investigates how syllable-tone co-
occurrence may impact tone acquisition (Chan & Leung,
2020; Wiener & Ito, 2015, 2016; Wiener, Ito, & Speer, 2018,
2021). Taken together with the results of our present study,
these data suggest that listeners co-process syllable and tone
information and use both together in perception and acquisi-
tion of novel tones.
6.3.2. The effect of illegal segments in the onset on novel tone
discrimination

In addition to investigations of how syllable structure might
impact tone perception, the present study also examined the
effect of illegal vs. legal onsets on novel tone discrimination.
Specifically, the present study examined the effect of /N/
onsets, finding that /N/ onsets significantly hindered novel tone
discrimination over /n/ onsets for both native English partici-
pants and native Mandarin participants. That is, the presence
of an illegal segment in the onset had a negative impact on
novel tone discrimination compared to legal onsets. One
explanation is that perceptual difficulty emerges when attend-
ing to complex stimuli where multiple components are unfamil-
iar to the listener. That is, the greater the number of unfamiliar
components, the greater the difficulty for the listener (see Liu
et al., 2011). For native English speakers this means that syl-
labic complexity, which they are familiar with, creates less dif-
ficulty than /N/ onsets, which are not phonemically permitted in
English. The challenge that /N/ onsets created for native Eng-
lish participants was so great that participants were unable to
discriminate between novel tones when the trials included ille-
gal onsets.

Native Mandarin speakers also experienced significantly
reduced tone discrimination ability from /N/ onsets, but their
discrimination ability was not fully disrupted as it was for native
English participants. This partial reduction may be due to the
native Mandarin participants’ familiarity with /N/ as an allo-
phone in onset position, which, in Mandarin, can fill the onset
position when no other onsets are present (Duanmu, 2007).
This partial reduction is in line with previous studies that sug-
gest L1 allophonic experience with a segment is more benefi-
cial for L2 perception than not having experience at all, but L1
allophonic experience is not as beneficial as L1 phonemic
experience (Werker & Tees, 1984; Pegg & Werker, 1997;
Whalen et al., 1997; Peperkamp et al., 2003). Results from
the present study show that the degree and type of familiarity
with segments in the onset of the target word has a propor-
tional impact on the perception of novel suprasegmental fea-
tures. These results confirm the hypothesis that a lack of
familiarity with segments in the stimuli can have a negative
effect on suprasegmental discrimination ability and build on
this hypothesis by suggesting that the negative effect is mod-
ulated by the type of familiarity.
6.4. Interim summary

Native Mandarin participants did much better than native
English participants overall and this is likely due to L1 tone
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experience providing a greater benefit than L1 intonational
experience during novel suprasegmental perception. However,
an examination of other factors such as phonotactic features in
the stimuli provides a more comprehensive understanding of
novel suprasegmental perception.

Phonotactic complexity that is familiar to the listener may
impact novel tone perception if it is temporally integrated with
the target tones. In the present study complexity in the onset
temporally preceded informative F0 information and may not
have been fully integrated in a way that disrupted tone percep-
tion. Thus, native English participants, who had L1 experience
with the CCVV, CVV, and VV syllable structures, did not vary
across syllable types. Native Mandarin participants that lacked
familiarity with complex onsets discriminated tones in CCVV
trials differently from CVV, VV, or hums. They were more accu-
rate on CCVV trials. We hypothesized that the most likely
account for better performance on CCVV syllables by Man-
darin listeners is that there were more salient acoustic cues
in CCVV syllables and that native Mandarin listeners were able
to attend to those cues while native English listeners were not
able to do so. Overall, it was expected that CCVV syllables
would negatively impact novel tone discrimination due to the
variability present in the acoustic signal from production differ-
ences. However, the opposite may have occurred. The
increased acoustic variability may have resulted in more cues
to aid in the discrimination of the tone categories and listeners
with L1 tonal experience were better able to use those cues.

The degree and type of familiarity with segments in the
onset impacted novel tone discrimination for both groups.
Native English participants demonstrated no ability to discrim-
inate between tones when the onset was an illegal segment.
For native Mandarin participants, discrimination was reduced
compared to legal segments, but not to the same extent as
native English listeners, likely due to their experience with /N/
onsets as allophones in Mandarin.

A substantial body of work has demonstrated that a variety
of factors impact perception and learning of novel segments
and tones. The current work adds to that body of literature
by demonstrating that, in the case of perception of novel tones,
syllable structure impacts perception. Because tones are car-
ried on syllables, it is logical that they would be co-
processed, but this study is the first to demonstrate that CCV
syllables and novel CV onsets impact how tones are per-
ceived. Future work should investigate what other factors
might impact perception and learning of tones, including how
individual differences may interact with syllable structure and
other properties of stimulus, task, and design (e.g.,
Perrachione et al., 2011).
6.5. Implications for novel tone category acquisition pedagogy

Teachers of tonal languages have to decide how they will
teach the tone categories in the target language, making deci-
sions about what is best for the students, both early in acquisi-
tion and over the course of learning, more broadly. Results
from the current study provide some details that may be infor-
mative for teachers. Specifically, we demonstrate that there is
an interaction between the phonotactic composition of carrier
words and a student’s language background during novel tone
perception. Phonotactic complexity that the student is familiar
with does not seem to impact tone perception; however, when
the student is unfamiliar with the phonotactics in a word, vari-
ation in ability to discriminate between novel tones may occur.
Students may have difficulty discriminating between tones
when phonotactic complexity is temporally integrated with the
target tones, as in the case of diphthongs or final consonants.
Students may also have difficulty discriminating tones in words
that include segments not found in their first language. With
this knowledge, teachers can adjust their pedagogical method-
ologies to aid students in the initial acquisition of the target
tone categories and also in the ongoing perception of tones
in difficult phonotactic constructions.

Previous work has investigated how variability impacts
learning. While this work has suggested that variability can
improve learning, the question of how this variability ought to
be introduced is an open question. That is, variability has both
costs and benefits for learning and perception (e.g., Bradlow,
2008; Choi, Kou, & Perrachione, 2021; Lee & Baese-Berk,
2021; Perrachione et al., 2011). Therefore, it could be prefer-
able for variability to be introduced piece-by-piece instead of
introducing all variability simultaneously.
7. Conclusion

In the present study we examined whether phonotactic
structure mattered for novel tone perception in two groups;
native English speakers, who have experience with intonation
but not lexical tone, and native Mandarin speakers, who have
experience with lexical tone. We tested this question by exam-
ining novel tone discrimination ability across four syllable struc-
tures; CCVV, CVV, VV, and hums. Further, we compared novel
tone discrimination ability in two types of onsets; /N/ onsets,
which are illegal in English but are allophones in Mandarin,
and /n/ onsets which are legal in both English and Mandarin.
It was predicted that native Mandarin participants would per-
form better on overall accuracy, that greater phonotactic com-
plexity would negatively impact tone discrimination ability, that
native Mandarin participants would perform worse on CCVV
syllables, and that /N/ onsets would negatively impact tone dis-
crimination ability more for native English participants than for
native Mandarin participants.

The results demonstrated that across syllable types, native
Mandarin participants discriminated between novel tones bet-
ter than native English participants, suggesting L1 tone expe-
rience provided a greater benefit than L1 intonational
experience during the discrimination task. The results also
demonstrated that greater phonotactic complexity in the onset
did not impact novel tone discrimination for native English par-
ticipants. It did impact discrimination for native Mandarin partic-
ipants but not as predicted. Native Mandarin participants did
substantially better on CCVV syllables than on the other sylla-
ble types regardless of the variability in the acoustic signal pre-
sent in the initial consonant clusters of the CCVV syllables.
Finally, the results demonstrated that /N/ onsets negatively
impacted novel tone discrimination ability for both groups as
predicted. For native English participants the presence of /N/
onsets, which are illegal in English phonotactics, resulted in
no tone discrimination ability. Thus, we suggest that predicting
novel tone perception ability is more complex than a simple
dichotomy between L1 tone experience and L1 intonation
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experience might suggest. The phonotactic structure of the tar-
get stimuli and the listener’s experience with those structures
can also impact novel tone perception.
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