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Abstract

Adults differ in the ease with which they acquire lexical tones in a non-native language.
Individual differences have been attributed to several factors, such as the role that pitch
plays in a learner’s L1 to signal lexical meaning (L1 tonal status), the shape of the tones to
be acquired (tone types), as well as extralinguistic factors (such as musical experience and
working memory). Here, we ask whether learners from a spectrum of L1 tonal statuses
(Dutch, Swedish and Japanese, and Thai) differ in their tone word learning facility, whilst
we simultaneously investigate the effects of tone type, and musical experience and working
memory. Our findings suggest that above and beyond L1 tonal status, the strongest predictor
of tone word learning was pre-lexical tone processing (measured by a tone categorization
task), although the strength of the link between pre-lexical and lexical processing may be
modulated by L1 tonal status.

Introduction

Adults find it relatively difficult to learn lexical tone – the primary use of pitch to determine
word meaning – in a non-native language (Pelzl et al., 2020, 2021), but some individuals
appear to learn tones more easily than others do. Previous studies have identified several fac-
tors that could explain this individual variability in learning facility. Among these are i) the
role that pitch plays in the native language (L1) to signal lexical meaning (‘L1 tonal status’); ii)
the specific shape of the non-native (L2) tones and the potential interaction with tonal or
intonational patterns from the L1 (‘tone types’); and iii) individual extralinguistic factors such
as musical experience and working memory.

The effect of L1 tonal status

Studies that examine the first factor (L1 tonal status) are rooted in theoretical accounts that
propose that a lexically contrastive speech feature in a non-native language may be relatively
easy to learn for learners whose L1 also uses that feature contrastively, compared to learners
whose L1 does not. Examples of such accounts are the “Feature Hypothesis” (McAllister
et al., 2002) for the non-native acquisition of duration and the “Levels of Representation
Account” (Francis et al., 2008, p. 269) for acquisition of non-native tones. Crucially, languages
cannot usually be characterized in a binary way as either using a specific speech feature or not,
but they are usually on a spectrum. In the case of pitch, some languages do not use it as a
primary cue for lexical purposes (non-tonal languages like Dutch, which typically use pitch
as a primary cue at a phrasal level in intonation), whereas some use it to differentiate a limited
set of words (pitch-accent languages like Swedish and Japanese), and yet others use it at the
syllable level to distinguish lexical items (tonal languages like Thai). We will henceforth use the
term ‘L1 tonal status’ to describe such typological differences. If lexical tones are indeed rela-
tively easier to learn for individuals whose L1 also uses pitch contrastively, a question that fol-
lows is if this relative ease is incremental according to different degrees of L1 tonal status. A
study by Schaefer and Darcy (2014) sought to answer this very question. They recruited a
group of speakers on a spectrum of different L1 tonal statuses: Mandarin (high), Japanese
(high-intermediate), English (low-intermediate), and Standard Korean (low), and tested
these speakers on their ability to discriminate Thai tonal contrasts. Their results support
the intuition that L1 tonal status facilitates non-native tone processing, and that it does so
incrementally. That is, speakers with the highest L1 tonal status (Mandarin) were faster and
more accurate in Thai tone discrimination than speakers with an intermediate L1 tonal status
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(Japanese), who in turn outperformed speakers with a low L1
tonal status (English and Korean).

Based on these findings, Schaefer and Darcy proposed the
“Functional Pitch Hypothesis” (henceforth: “FPH”), which posits
that L1 tonal status shapes perception of a non-native tone sys-
tem. The FPH predicts that it may be particularly challenging
to transfer sensitivity to pitch variations from a given domain
in the L1 to a smaller domain in the L2. For instance, non-tonal
L1ers, who are familiar with pitch variations at the phrasal level
for non-lexical purposes (intonation), may find it relatively diffi-
cult to apply this sensitivity at a syllable level for lexical purposes
(lexical tone) in an L2.

Although the overall predictions of the FPH are supported by a
number of studies that show that learners with a high L1 tonal sta-
tus outperform learners with a lower L1 tonal status in non-native
tone processing (R. K. W. Chan & Leung, 2020; Peng et al., 2010;
Wayland & Guion, 2004), many studies do not find such clear dif-
ferences (Cooper & Wang, 2012; Francis et al., 2008; Gandour &
Harshman, 1978; So & Best, 2010), and some only find a selective
advantage for speakers of a higher L1 tonal status for specific tone
types (Burnham et al., 2015; Francis et al., 2008; Hao, 2012; Qin &
Jongman, 2016; Zhu et al., 2021). For instance, Burnham et al.
(2015) found that non-tonal L1ers (English) were less accurate
than the aggregate of pitch-accent (Swedish) and tonal (Thai,
Cantonese, Mandarin) L1ers to discriminate Thai tones.
However, when looking at discrimination accuracy per tone
type, they found differences between English speakers and the
aggregate of pitch-accent and tonal speakers’ discrimination
accuracy for only four out of ten possible tonal contrasts
(Burnham et al., 2015, p. 1475). In other words, a perceptual
advantage for speakers from higher L1 tonal statuses was not
found across the board, but only for specific tone types.

The effect of tone type

Some tone types appear to be inherently easy or difficult to pro-
cess according to their acoustic properties. For instance, neuro-
logical evidence suggests that adults are better at registering F0
rises than falls in the brainstem (Krishnan et al., 2010). Further,
dynamic-dynamic tone contrasts (i.e., between two contour
tones) appear to be more difficult to process than contrasts
between a dynamic and a static (level) tone (Burnham et al.,
2018).

In addition, certain tone types may be differentially easy or dif-
ficult based on a learner’s L1. For instance, recent versions of the
Perceptual Assimilation Model (PAM) propose that listeners per-
ceptually assimilate non-native tone categories to native tone cat-
egories (Best, 2019; J. Chen et al., 2020). In a nutshell, when
non-native tones clearly assimilate to separate native tone types
in a one-to-one manner (‘two-category assimilation’), they are
perceptually distinct and easy to perceive, but when they assimi-
late to a single tone category in a many-to-one manner (‘single-
category assimilation’), they may be confusing and difficult to
perceive. For instance, Burnham et al. (2015) showed that
Mandarin-L1ers outperformed Cantonese-L1ers in the discrimin-
ation of Thai static-static tone contrasts. They suggest that this is
due to the greater number of static tones in Cantonese, which may
increase the likelihood of perceptual confusion (Burnham et al.,
2015, p. 1479).

Because the ease of non-native tone processing appears to be
affected by the potential interference with native tone categories
(in addition to inherent difficulties of certain tone types based

on their acoustic properties), the very question of whether a
higher L1 tonal status facilitates non-native tone processing
needs to factor in the possibility that certain tone types may be
differentially difficult depending on a learner’s L1. This appears
to be particularly important for learners from a tonal L1 back-
ground, who exhibit clear L1-specific performance for specific
tone types in pre-lexical perception (J. Chen et al., 2020; Hao,
2012; Tsukada & Kondo, 2019), and in tone word learning
(Laméris et al., 2023; Laméris & Post, 2022). It is less clear
whether non-tonal and pitch-accent L1ers also assimilate non-
native tone categories to native pitch-accent or intonational
patterns, and would therefore exhibit similarly clear L1-specific
performance per tone type. Although some studies suggest that
this may be the case (Braun et al., 2014; Braun & Johnson,
2011), it appears that non-tonal L1ers may be less prone to strong
interference from native prosodic categories (pitch-accent or
intonational) on non-native tone processing in comparison to
tonal L1ers (Laméris & Post, 2022; Reid et al., 2015; So & Best,
2010; A. Yu et al., 2021). Instead, non-tonal L1ers may process
non-native tones more psychoacoustically (Best, 2019, p. 5;
K. Yu et al., 2019).

The effect of extralinguistic factors

A third potential source of individual variability in tone learning
facility is extralinguistic in nature. Here, we focus on two factors
that we deemed relevant for the present study: musical experience
and working memory (WM). Musical experience refers to the
years of musical practice an individual may have had, often
through formal training. According to theoretical models like
OPERA, musical experience is assumed to enhance pitch acuity
in the domain of music, which may be transferred to the domain
of speech (Choi, 2021; Patel, 2011). Various studies on non-native
tone processing have found facilitative effects of musical experi-
ence (Bowles et al., 2016; Götz et al., 2023; Wong et al., 2020;
Wong & Perrachione, 2007), although such effects may be task-
dependent (Chang et al., 2016).

WM refers to the capacity to recall and process strings of
information, as can be operationalized by a digit span task
(Baddeley, 2003; Mattys & Baddeley, 2019). Evidence on the
effects of WM on non-native tone processing is mixed: some
studies showing (some) facilitative effects (Bowles et al., 2016;
Goss, 2020; Ingvalson et al., 2017; Laméris & Post, 2022) whereas
others do not (Goss & Tamaoka, 2019; Perrachione et al., 2011).
Despite these mixed findings from the tone-learning literature, we
deemed WM to be a relevant factor of interest in the present study
because our study involved novel word learning, for which WM
appears to be facilitative (Atkins & Baddeley, 1998; Gupta,
2003; Kormos & Sáfár, 2008; Linck et al., 2014).

Motivation for present study

The present study is inspired by two previous studies (Burnham
et al., 2015; Schaefer & Darcy, 2014) that investigated non-native
tone processing by L1ers on a spectrum of L1 tonal statuses. We
expand on the work from these studies in two ways. First, we
investigated tone processing not only at a pre-lexical level
(by means of a tone categorization task), but also at a lexical
level (by means of a tone word identification task), and probe
the link between the two. Although an examination of tone per-
ception at a pre-lexical level may establish a “baseline” for acqui-
sition (Schaefer & Darcy, 2014, p. 489), a direct examination of
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tone processing at the lexical level will provide a more complete
account of tone acquisition. This is especially relevant in the
light of the recurrent finding that while learners may do relatively
well at the pre-lexical perception of challenging L2 features – such
as vowels (Díaz et al., 2012; Llompart, 2021), consonants (Darcy
et al., 2013; Hayes-Harb & Masuda, 2008), stress (Dupoux et al.,
2008), or tones (Pelzl et al., 2019) – they may not effectively link
these to word meaning at the lexical level. Yet, the individual abil-
ity to perceive tones pre-lexically is often a strong predictor of
individual ability to use those tones at a lexical level (Bowles
et al., 2016; Cooper & Wang, 2012; Dong et al., 2019; Ling &
Grüter, 2020; Wong & Perrachione, 2007)1.

Interestingly, the few studies that assessed the link between pre-
lexical and lexical processing cross-linguistically suggest that pre-
dictive strength of tone categorization on tone word learning
may be modulated by a learners’ L1 tonal status. For instance,
tone categorization performance predicts Cantonese tone word
learning for non-tonal English speakers, but not for tonal Thai
speakers (Cooper & Wang, 2012). This may be because the benefi-
cial effect from pitch processing skills – as can be operationalized
by tone categorization but also by musicianship – and from L1
experience with a tonal language may not be additive (cf. Choi,
2021; Laméris & Post, 2022; Maggu et al., 2018; S. Chen et al.,
2020). Indeed, extralinguistic pitch processing skills may only facili-
tate non-native tone learning if the learner lacks “relevant experi-
ence” such as prior L1 knowledge of a tonal language (Choi,
2021). Based on these findings, we also examine whether tone cat-
egorization is differentially (and incrementally) facilitative to tone
word learning according to different L1 tonal statuses.

As a second expansion from previous work, we investigate the
effect of L1 tonal status whilst simultaneously addressing the
effects of tone type and the relative difficulty of the tones in ques-
tion – which may be inherent and/or L1-specific – and the effects
of individual differences in musical experience and working
memory, as the orthogonal effects of all these factors together
were not addressed in the studies by Schaefer and Darcy (2014)
and Burnham et al. (2015).

To this end, we explore the effect of different L1 tonal statuses
– low (Dutch), intermediate (Swedish and Japanese), and high
(Thai) – on non-native tone learning viewed at a pre-lexical
and at a lexical level, as well as the relationship between the two
levels. We formulate the following research questions:

RQ1: Does L1 tonal status facilitate non-native tone perception and word
learning, when the effects of tone type, musical experience, and working
memory are simultaneously taken into account?

RQ2: Does tone categorization predict tone word learning, and if so, is
this similar for speakers from different L1 tonal statuses?

The present study

A spectrum of L1 Tonal Statuses

We investigated non-native tone perception and word learning by
native speakers of Dutch, Swedish, Japanese, and Thai, which
represent a spectrum of different L1 tonal statuses, as summarized
in Table 1.

Standard Dutch is a non-tonal language in which pitch alone
is typically not used for lexical distinctions (Ramachers et al.,
2017, p. 2). Its L1 tonal status is therefore low.

Central Swedish is a pitch-accent language in which words can
be distinguished in meaning by an “acute” Accent I and a “grave”

Accent II, which in citation form or focus position are typically
described as a rise-fall pitch pattern and a peak-peak pitch pattern,
respectively (Bruce, 1977; Engstrand, 1997; Ota, 2006). Although
only a relatively small number of minimal pairs are distinguished
by pitch alone (Köhnlein, 2020, pp. 154–156), pitch carries a higher
lexical functionality in Swedish than in a non-tonal language like
Dutch.

Standard Tokyo Japanese, like Swedish, is a pitch-accent
language in which pitch has an intermediate lexical function.
Japanese prosodic words can carry a pitch accent, which in the
Japanese context refers to a sharp drop in pitch realized over
one mora (the minimal tone-bearing unit) onto the subsequent
mora (Kawahara, 2015). Words in Japanese carry predefined
pitch patterns depending on the presence and location of the
pitch accent, and different pitch patterns on otherwise segmen-
tally identical words can be used for lexical distinctions.

Central Thai is a tone language with a high tonal status. It has
two dynamic (rising and falling) and three static tones (high, mid,
and low) which contrast on a single syllable. In citation form, the
respective Chao notations (Chao, 1968) of these tones are 315
(rising), 51/2412 (falling), 45 (high), 33 (mid) and 21 (low)
(Burnham et al., 2015, p. 1460; X. Wu et al., 2014, p. 90).

Previous studies involving Dutch, Swedish, Japanese or Thai
speakers show inconsistent evidence of an incremental effect of
L1 tonal status on non-native tone processing. For instance,
Dutch speakers perform as accurately as tone language speakers
in some tone perception tasks (A. Chen et al., 2016; Cutler &
Chen, 1997) but they perform less accurately in lexical tasks (Zou
et al., 2022). Perceptual studies with native speakers of Swedish
(Burnham et al., 2015) and Japanese (Schaefer & Darcy, 2014;
Zhu et al., 2021) suggest that their non-native tone perception
accuracy sits somewhere between that of non-tone and tone lan-
guage speakers. However, Braun et al. (2014) found that Japanese
speakers performed worse than non-tonal (German) speakers in a
lexical tone task. In what appears to be the only study that tested
Thai and non-tonal speakers’ perception and word learning of a
language that was non-native to both groups, Cooper and Wang
(2012) showed that Thai speakers without musical experience per-
formed similarly to their English counterparts in Cantonese tone
perception, but outperformed them in word learning.

Pseudoword tone system

We examined perception and word learning in a pseudoword
tone system consisting of a low-level (11), a falling (51), and a
peaking (141) tone. Figure 1 visualizes the pseudoword and
respective L1 tone types. The static low-level tone contrasts with
the dynamic falling and peaking tones in both height and direc-
tion (static-dynamic contrast). The fall-peak contrast constitutes
a dynamic-dynamic contrast. Our motivation for choosing this

Table 1. Respective L1 tone statuses according to language type and domain,
adapted from Schaefer & Darcy (2014).

Language Domain L1 tonal status

Non-tonal (Dutch) Phrasal, phrase Low

Pitch accent (Swedish) Lexical, word/phrase Intermediate

Pitch accent (Japanese) Lexical, word/phrase Intermediate

Tonal (Thai) Lexical, syllable/word High
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tone system is that we hypothesize, as we will outline below, that
the relative difficulty of the tones (vis-à-vis one another) should
be similar for all L1s involved. Specifically, we hypothesize that
the static level tone will be relatively easy, whereas the dynamic
falling and peaking tones may be relatively difficult to categorize
and to process at the word level.

We propose the abovementioned hierarchy of tone difficulty for
two reasons. In the first place, our hypothesis is motivated by earl-
ier observations that suggest that dynamic-dynamic tone contrasts
are inherently more challenging than static-dynamic contrasts
(Burnham et al., 2018; Schaefer & Darcy, 2014). Secondly, an
examination of any potential interference from L1 tone types,
and how these may determine the relative ease/difficulty of specific
tones, also leads to the same conclusion. That is, in the first place
we assume that there will be no strong interference from Dutch
intonational, and Japanese and Swedish pitch-accent types on the
processing of our pseudoword tones, based on earlier findings
involving non-native tone processing by non-tonal L1ers (Best,
2019, p. 5; Francis et al., 2008, p. 269l A. Yu et al., 2021; but cf.
Braun et al., 2014). Although Thai speakers are likely to assimilate
the pseudoword tones to their L1 tone types, we hypothesize that
the relative hierarchy of difficulty of the pseudoword tones
vis-à-vis one another (i.e., fall and peak > level) still holds. This
is because we expect that none of the tones should clearly map
in a two-category manner to Thai tone types, which could make
the tones all relatively easy to distinguish. For instance, the falling
51 and peaking 141 pseudoword tones resemble the Thai 241
tone (J. Chen et al., 2020, p. 6) and do not clearly map in a two-
category manner to separate Thai tone types3.

With this tone system, we aim to investigate more directly
whether a higher L1 tonal status in and of itself facilitates non-
native tone perception and word learning. We note however,
that we cannot exclude the possibility that some tones were in
fact differentially easier or more difficult than one another due
to interference with L1 intonational/pitch accent/tone types, and
will consider this in the discussion.

Predictions

We make the following predictions regarding our research questions.
P1) L1 tonal status incrementally facilitates non-native tone categor-
ization and word learning of a tonal pseudoword system consisting
of a low-level, a falling, and a peaking tone, such that Thai-L1 par-
ticipants will outperform Swedish-L1 and Japanese-L1 participants,
who in turn will outperform Dutch-L1 participants. In addition,
musical and experience and working memory predict individual
performance in tone categorization and word learning.
P2) Tone categorization predicts tone word learning performance;
however, it may be more predictive for speakers of a low tonal sta-
tus in comparison to speakers of a high tonal status.

Methods

Participants

The study was approved by the ethics board of the University of
Cambridge. One hundred and fifteen participants took part.
Participants were recruited through university networks, social

Figure 1. Overview of pseudoword tone system and lexical tone types in L1s.
Note: The tone type visualisations were adapted from Köhnlein (2020 pp. 154–155) for Swedish, Shport (2016, p. 744) for Japanese, and Burnham et al. (2014, p. 1461)
for Thai.
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media, and Prolific (www.prolific.co) and received a small token
fee upon completion of the experiment. All were native speakers
of Dutch (Netherlands), Standard Swedish, Tokyo Japanese, or
Central Thai, and had grown up in the respective countries of ori-
gin but were resident in the UK as students or young profes-
sionals4. Following the exclusion criteria of Burnham et al.,
(2015) and Schaefer and Darcy (2014), native speakers of a non-
tonal or pitch-accent language with knowledge of a tone language
(4 Dutch, 4 Swedish, 6 Japanese) were not included. Five Thai
speakers reported L2 knowledge of Mandarin, but it was deemed
appropriate to include these speakers given evidence that knowl-
edge of a second tone language does not appear to substantially
facilitate non-native tone learning for tonal L1ers (Maggu et al.,
2018), and given that knowledge of the Mandarin tone system
should not contribute to better perception of the pseudoword
tones, since these do not all clearly map in a two-category fashion
to Mandarin tone types. However, 4 Thai speakers who reported
knowledge of Northern Thai were excluded because Northern
Thai contains a fall-peak contrast (Katsura, 1969) to which the
pseudoword tones could assimilate in a two-category fashion,
which could facilitate their perception.

Further, because of an imbalance in the number of musicians
and non-musicians across groups in the remaining participant
pool, we here present data of a subset of 80 participants
(22 Dutch, 15 Swedish, 23 Japanese, and 20 Thai participants)
who were matched for their degree of musical experience, mea-
sured in years of practice, and working memory (WM), measured
by a backwards digit span task. Equivalence tests (Lakens et al.,
2018) revealed that the groups were similar in terms of their
musical experience and WM. An overview of the participant
groups is provided in Table 2. Detailed participant demographics
are in the Supplementary Material.

Stimuli

The audio stimuli consisted of a set of meaningless vowels ([a] [ε]
[i]) for the tone categorization task and a set of pseudowords
(/lala/ /lεlε/ /lili/; Table 3.) for the word identification task.
Each of the stimuli carried either a low-level, a falling, or a peak-
ing tone, resulting in nine vowel stimuli and nine pseudoword

stimuli for each task. The choice for disyllabic word stimuli was
motivated by observations by Pelzl et al. (2020, p. 4) that mono-
syllabic word stimuli may have limited generalizability to real-
word tone learning. Tone contrasts only occurred on the first syl-
lable of the word and not on the second (for which the tone was
kept constant as a low-level tone) to avoid tonal contrasts being
associated with intonational contrasts for Dutch listeners (Braun
& Johnson, 2011, p. 589) and to make participants focus on the
tone contrast on one syllable, similar to the tone categorization
task.

Visual stimuli in the tone categorization task consisted of
drawings of the level, falling, and peak trajectories (Figure 1). In
the word identification task, each aurally presented pseudolan-
guage word was linked to an image representing its meaning.
The images were gathered from a database by Rossion and
Pourtois (2004) and represent nine high-frequency nouns
(Battig & Montague, 1969; Van Overschelde et al., 2004).

Stimuli were recorded in a sound-attenuated booth and pro-
duced by two native speakers of Italian (one male, one female).
The baseline stimuli were produced with a flat (mid-level) tone.
Stimuli with the low-level, fall, and peak tones, of which the
pitch trajectories were based on natural productions, were synthe-
sized using Pitch Synchronous Overlap (PSOLA) in Praat
(Boersma & Weenink, 2019). This ensured that tone minimal tri-
plets only differed in F0 and not in other acoustic cues, whilst
staying as closely as possible to the natural production in terms
of the shape of the pitch trajectory. Both the male and female
tones had the same relative tone values in terms of Chao numer-
als, and the stimuli in the tone categorization and word identifi-
cation tasks were deemed to belong to the same three tone
categories – namely, low-level (11); fall (51); and peak (141)
(see Supplementary Materials for sound files and visualizations).

Procedures

The study was carried out online on the Gorilla Experiment
Builder (Anwyl-Irvine et al., 2020). A copy of the online study
is available via the Supplementary Materials. A battery of eight
tasks (including word training sessions, see Table 4) was carried
out in two sessions over two days. This was to limit the amount

Table 2. Participant demographics. Values are means with standard deviations in brackets.

Dutch (n = 22) Swedish (n = 15) Japanese (n = 23) Thai (n = 20)

Age (years) 26.30 (3.64) 27.50 (4.95) 29.30 (5.04) 24.90 (5.31)

Backwards digit span 6.00 (1.54) 5.73 (1.22) 6.83 (1.34) 6.15 (1.14)

Musical experience (years) MU (n = 12) NM (n = 10) MU (n = 7) NM (n = 8) MU (n = 12) NM (n = 11) MU (n = 10) NM (n = 10)

MU =musicians,
NM = non-musicians

10.20 (4.63) 1.10 (3.48) 11.10 (3.85) 0.38 (1.06) 8.92 (5.21) 0.81 (1.60) 8.10 (5.07) 0.60 (0.96)

Table 3. Pseudowords.

Tone 1 (Low-level 11) Tone 2 (Falling 51) Tone 3 (Peak 141)

Segment 1 meaning /la11.la11/ leaf /la51.la11/ fork /la141.la11/ television

Segment 2 meaning /lε11.lε11/ chair /lε51.lε11/ apple /lε141.lε11/ hair

Segment 3 meaning /li11.li11/ book /li51.li11/ shirt /li141.li11/ cat
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of time spent in each session (approximately 25 minutes each),
and to allow for overnight memory consolidation to facilitate
for the word identification task on day 2 (Earle & Myers, 2015;
Qin & Zhang, 2019). Written instructions were in the partici-
pants’ respective L1s. Headphone screening before each session
ensured that participants were in a silent room and were using
headphones (Woods et al., 2017). Participants were told that
they were taking part in a study that investigated vocabulary
learning in a non-native language. After filling out a questionnaire
on their linguistic and musical background and signing a consent
form, participants completed the tasks individually. A debriefing
was included to ensure that participants had no technical issues
during the experiment. Participants who reported technical issues
or distractions that were deemed to significantly affect perform-
ance in the experiment were excluded.

Tone categorization task
In the tone categorization task, participants heard one of the vowels
with a level, a falling, or a peaking tone, and were instructed to cat-
egorize the tone by clicking with their mouse on the tile represent-
ing the pitch contour. They were encouraged to make their choice
as quickly as possible and to guess if unsure. Time-out was 5000 ms
after presentation of the audio stimulus. Only the female voice was
used for the tone categorization audio stimuli.

A practice session with 9 trials (3 presentations per tone)
including feedback was held at the beginning. The feedback con-
sisted of the visual presentation of a green circle (‘correct’) or a
red cross (‘incorrect’), followed by the correct sound-contour
combination. In the practice session, the vowel [o] was used,
which was not used in the main session. The practice session
was followed by a main session with 54 trials (6 presentations
per stimulus) in a randomized order and without feedback.

Word training
The tone categorization task was followed by tone word training,
which consisted of imitation and a feedbacked word identification
task. These were expected to be efficient ways to stimulate reten-
tion of novel words in a relatively short period of time, based on
previous studies (Baills et al., 2019; M. Li & Dekeyser, 2017).

In the imitation block, participants were presented with the
individual pseudolanguage words (the audio stimuli, male
voice) and their meaning (the images). They were asked to repeat
the words out loud and pronounce them as accurately as possible,
whilst simultaneously trying to memorize the word. No feedback
was given regarding their pronunciation, and productions were
not recorded. Participants had 5000 ms to repeat the word before
the next audiovisual stimulus was presented. Each audiovisual
stimulus was presented twice in a row (e.g., the word for
‘apple’, followed by the participant’s imitation, followed by one
more trial (presentation + imitation) for ‘apple’). The presentation
order was such that no segmental or tonal minimal pair followed
one another. The exact same imitation block was repeated on day
2, with the only difference that the order of presentation of the
stimuli was reversed.

In the feedbacked word identification block, participants heard
a pseudolanguage word and were prompted to identify the mean-
ing of that word by clicking the corresponding tile from a 9-way
choice answer board. Participants were encouraged to make their
choice as quickly as possible and to guess if unsure. Time-out per
trial was set to 10 s. The feedback consisted of a green circle (‘cor-
rect’) or a red cross (‘incorrect’), followed by the correct sound-
image combination. Each stimulus was presented 4 times, totaling
36 trials, in a randomized order. There was a break halfway
through, after which the images’ positions on the answer board
were shuffled. The exact same feedbacked word identification
task was repeated on day 2, with the only difference being that
the positions of the images on the answer boards were again
shuffled for each half of the block.

Word identification task (Day 1)
The feedbacked block was followed by a word identification task
without feedback. The set-up was the same as the feedbacked
block, but there were 6 trials per unique word stimulus, totaling
54 trials. There was a small break after the participants had com-
pleted two-thirds of the task, and the images’ positions on the
answer boards were shuffled after the break. After having com-
pleted the word identification task, participants received instruc-
tions to resume the experiment after 18 to 30 hours.

Working memory task
On day 2, participants started with a backwards digit span task, as
a measure of WM capacity that is relevant to speech perception
and word learning (Baddeley, 2003; Kormos & Sáfár, 2008).
Participants were instructed to type in backward order a sequence
of digits that was presented to them on the screen. Each of the
digits was presented one by one for 750 ms with an ISI (inter-
stimulus interval) of 250 ms. After the sequence was presented,
participants could type their answer, for which they had 10 s.
After a practice session, they were presented with a block of five
4-digit sequences (e.g., 1-7-5-8; 6-3-4-1; 2-5-1-5; 8-4-1-4;
9-5-7-8). Participants would move onto a next block of five n +
1-digit sequences (e.g., 5-8-2-5-2; 6-9-4-2-4; etc.) and continue
to do so if they correctly typed in at least three sequences per
block. If participants did not reach this threshold, the task was
aborted at the end of a block. The maximum attainable block con-
sisted of five 8-digit sequences. Working memory score was
defined by the highest attained digit span.

Word identification (generalization)
After another round of word training (mimicry and feedbacked
identification), participants completed a second word

Table 4. Overview of tasks.

DAY 1

Description Duration (minutes)

Tone categorization 5

Word training (imitation) 5

Word training (word identification with feedback) 5

Word identification 10

DAY 2

Description Duration (minutes)

Backwards digit span (WM) 5

Word training (imitation) 5

Word training (word identification with feedback) 5

Word identification (generalization) 10

Debriefing 5
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identification task. This was identical to the word identification
task on day 1, except that the female voice was used instead of
the male voice for the audio stimuli. This was to ensure that par-
ticipants could generalize their acquired phono-lexical knowledge
to novel stimuli, cf. Bowles et al. (2016); Finley (2013). After this
word generalization task, participants filled out a debriefing form
on which they responded to questions about their performance,
their concentration, and their general experience during the
experiment. A summary of the debriefing questionnaire is pro-
vided in the Supplementary Materials.

Statistical procedures

All analyses were performed in R 4.1.1 (R Core Team, 2021).
Figures were generated with the ggplot2 package (Wickham,
2016). We present descriptive statistics and results from
Bayesian inference to assess the effects of L1 tonal status, tone
type, and extralinguistic factors on performance in the tone cat-
egorization and word identification task (day 2, generalization),
operationalized by accuracy scores. Null responses and responses
with unnaturally fast reaction times (< 250 ms) were removed,
excluding 0.62% and 0.45% from each task, respectively.

We fitted Bayesian logistic regression models using the brms
package (Bürkner, 2018). Bayesian inference offers an alternative
to frequentist analyses in that it includes a prior specification of
assumed beliefs of a model parameter. The output of a Bayesian
model is a posterior distribution, which contains updated model
parameters after having been fitted on the data. This posterior dis-
tribution generates 95% Credible Intervals (CrIs), which indicate
the range of parameter values within which one can be 95% cer-
tain that the true parameter value lies. The posterior also gener-
ates a probability of direction (pd), which describes the
probability that a parameter is positive or negative. We report
findings for which i) the 95% CrI of the effect estimates in the
posterior distribution did not contain zero, and ii) for 95% CrIs
that did contain zero but that had a relatively high pd. We take
both such findings to be ‘suggestions’ of an effect.

Following common practice (Haendler et al., 2020; Vasishth
et al., 2018), models were constructed using weakly informative
priors, with prior specification in brms set as (0, 3) for
‘Intercept’; (0, 1) for ‘b’; (0, 0.1) for ‘sd’ priors and LKJ(2) for cor-
relation priors (Coretta et al., 2022). Four sampling chains with
3000 iterations each were run, with 1500 warm-up iterations.
Model diagnosis was carried out by observing Rhat values (ensur-
ing these were close to 1), and by inspecting posterior draws using
the pp_draws() command of the brms package. Multicollinearity
between continuous variables (musical experience, working mem-
ory, and tone categorization) was checked using the performance
package (Lüdecke et al., 2021) and revealed low levels of correl-
ation (all Variance Inflation Factors < 5).

We built models with fixed effects and interactions as appropri-
ate to our research questions. The model for tone categorization
(dependent variable: correct/incorrect; 4250 observations; fitted
with a Bernouilli distribution) contained fixed effects for L1
(Dutch, Swedish, Japanese, Thai; sum contrast-coded), Tone
(Level, Fall, Peak; sum contrast-coded), Musical Experience (Years
of practice; centered and scaled), Working Memory (Digit span
score; centered and scaled), and two-way interactions with L1 and
each of the fixed effects. The random effects structure contained a
by-subject random slope for Tone and a random intercept for Item.

The model structure for word identification (dependent vari-
able: correct/incorrect; 4276 observations) was the same as for

the tone categorization task, but additionally contained a fixed
effect of Tone Categorization, (Mean accuracy scores in the tone
categorization task; centered and scaled) and an L1:Tone
Categorization interaction to assess the effect of tone perception
on tone word learning. We only report the findings from the
word generalization task on day 2, as this was at the end of the
word training (see Supplementary Materials for the day 1 findings).

To investigate interactions, we conducted planned compari-
sons between tone per L1, between L1s per tone, and for the esti-
mates of musical experience, WM, and tone categorization per L1
using the emmeans package (Lenth, 2020). We report planned
comparison results for which zero was not included in the 95%
Highest Posterior Distribution (HPD), which we take to be sug-
gestions for meaningful differences or estimates. Full statistical
details (posterior distributions and planned comparisons) are in
the Supplementary Materials.

Results

Tone categorization

Descriptive statistics
Table 5 shows accuracies for the tone categorization task per L1.
An initial inspection reveals no stark difference between L1s in
terms of accuracy.

Model results
Figure 2 plots predicted tone categorization accuracy per tone and
L1. The model suggested an effect of L1, (b = 0.42 [0.01, 0.89]);
Tone (b = 1.57 [1.24, 1.93]) and an L1:Tone interaction (b =
−0.55 [−0.92, -0.20]).

Comparisons between tones per L1 suggested that level tones
were more likely to be accurately categorized than falling and
peaking tones in all groups (i.e., zero not included in any of the
95% HPDs). In addition, peaking tones were more likely to be
accurately categorized than falling tones in all groups, except for
the Japanese group, for which zero was included in the 95%
HPD (b = 0.59 [−0.05, 1.24]).

Comparisons between L1s per tone suggested that Dutch speak-
ers were less likely than Japanese (b =−1.83 [−2.97, −0.78]) or
Swedish speakers (b =−1.37 [−2.58, −0.30]) to categorize level
tones. In turn, Japanese (b = 1.64 [0.56, 2.83]) and Swedish speak-
ers (b = 1.20 [0.09, 2.41]) were more likely than Thai speakers to
categorize level tones. These comparisons should be viewed with
caution because performance for level tone categorization appeared
to be at ceiling. The comparisons further suggested that Thai
speakers were more likely than Swedish speakers to accurately cat-
egorize peaking tones (b = 0.78 [0.06, 1.56]).

Figure 3 plots predicted tone categorization accuracy against
musical experience and WM. The posterior distribution suggested
an effect of Musical Experience (b = 0.60 [0.37, 0.83]) and an L1:
Musical Experience interaction (b = −0.52 [−0.92, −0.15]). The
estimates per L1 suggest that musical experience was particularly
facilitative for Dutch (b = 0.94 [0.54, 1.36]) and Thai (b = 1.16

Table 5. Descriptive statistics for tone categorization task. Values are means
with standard deviations in brackets.

Dutch Swedish Japanese Thai

Accuracy (%) 81.3 (13.3) 79.5 (12.0) 88.0 (10.1) 79.2 (17.3)
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[0.66, 1.69]) participants, but not for Swedish (b = 0.08 [−0.35,
0.52]) and Japanese participants (b = 0.21 [−0.22, 0.68]).

The model also suggested an effect of WM (b = 0.60 [0.28,
0.92]) and an L1:WM interaction (b = 0.60 [0.28, 0.92]).
Estimates per L1 suggested that WM facilitated tone categoriza-
tion for Japanese participants (b = 0.90 [0.53, 1.25]). This was
less clear for Dutch (b = 0.18 [−0.14, 0.47]), Swedish (b = 0.10
[−0.34, 0.58]), or Thai participants (b = 0.01 [−0.41, 0.42]).

Word identification (generalization)

Descriptive statistics
Table 6 shows the accuracies in the word identification task (day
2, generalization). There appears to be no stark difference in
accuracy between L1s. Table 6 also shows the proportion of
“tone-only errors” (Wong & Perrachione, 2007), i.e., an error in
which a participant misidentifies the meaning of a word purely
because of its tonal properties, e.g., misidentifying /la11.la11/
‘leaf’ as /la51.la11/ ‘fork’. The high proportion of tone-only errors

in each group suggests that most participants had retained the
segmental, but not the tonal properties of the pseudolanguage
words5.

Model results
Figure 4 plots predicted word identification accuracy per tone by
L1. The posterior distribution suggested an effect of L1 (b =−0.40
[−0.73, −0.02]), Tone (b = 0.82 [0.63, 1.02]) and an L1:Tone inter-
action (b = −0.73 [−1.05, −0.44]).

Comparisons between tones within groups suggested that
words with level tones were more likely to be correctly identified
than words with falling and peaking tones (zero not included in
any of the 95% HPDs). An exception to this was the Swedish
group, for which there was a less clear suggestion that level tone
words were more likely to be identified than falling tone words
(b = 0.46 [−0.07, 0.99]) or peaking tone words (b =−0.21
[−0.87, 0.47]). Comparisons further suggested that in all groups,
words with peaking tones were more likely to be correctly identi-
fied than words with falling tones.

Figure 2. Predicted probability of tone categor-
ization accuracy per tone and L1. Bars represent
95% CrIs.

Figure 3. Predicted tone categorization accuracy against musical experience and WM (centered and scaled). Shading ribbons represent 95% CrIs.
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Comparisons between L1s per tone suggested that Swedish
speakers were less likely than Dutch (b = −1.17 [−1.99, −0.28]),
Japanese (b =−0.97 [−1.86, −0.12]), and Thai speakers (b =
−1.85 [−2.70, −0.93]) to identify words with level tones.
Japanese speakers were in turn less likely than Thai speakers to
identify words with level tones (b =−0.86 [−1.69, −0.02]). The
comparisons further suggested that Japanese speakers were less
likely than Dutch (b = −1.04 [−1.64, -0.39]), Swedish (b =−0.77
[−1.46, −0.09]), and Thai speakers (b =−0.84 [−1.48, −0.25])
to identify words with falling tones. Finally, Japanese speakers
were less likely than Dutch (b = −0.75 [−1.38, −0.19]) and Thai
speakers (b =−0.67 [−1.27, −0.09]) to identify words with peak-
ing tones.

Figure 5 plots predicted word identification accuracy against
musical experience, WM, and tone categorization. The model
output suggested that there was an L1:Musical Experience inter-
action (b = 0.61 [0.23, 1.28]), as well as an L1:WM interaction
(b = −0.35 [−0.72, 0.03]), with zero included in the 95% CrI
and a probability of direction of 96.10%. Finally, the model sug-
gested an effect of Tone Categorization (b = 0.61 [0.23, 0.99]),
and an L1:Tone Categorization interaction (b = 0.63 [0.15, 1.10]).

An observation of Figure 5 and the estimates and HPDs for
the effect of musical experience per L1 suggest that musical
experience facilitated word identification for the Swedish group
(b = 0.62 [0.08, 1.44]), but not for the Dutch (b =−0.23 [−0.67,
0.22]), Japanese (b = −0.08 [−0.48, 0.28]), and Thai groups
(b = −0.22 [−0.72, 0.29]).

Based on the estimates of the effect of WM per L1, there was
no suggestion that WM facilitated word identification for Dutch
(b = 0.09 [−0.23, 0.41]) or Swedish (b =−0.17 [−0.64, 0.26])
speakers, although it may have slightly facilitated performance

for Japanese (b = 0.38 [−0.17, 0.87]), and Thai speakers (b = 0.39
[−0.02, 0.78]).

Figure 5 and the estimates of the effect of tone categorization
per L1 suggest that tone categorization led to a higher likelihood
of correct word identification in the Dutch (b = 1.49 [0.95, 2.01]),
Swedish (b = 0.76 [0.21, 1.32]), Japanese (b = 0.59 [−0.16, 1.43]),
and Thai group (b = 0.57 [0.19, 0.92]). The difference in estimate
sizes suggests that tone categorization may have been particularly
facilitative for Dutch speakers, but less so for Swedish and even
slightly less so for Japanese and Thai speakers.

Discussion

Tone categorization

In this study, we examined the effect of different degrees of L1
tonal status on the perception and word learning of non-native
tones, as well as the link between perception and word learning,
whilst we simultaneously investigated the effects of tone type,
musical experience and working memory. We built on from pre-
vious studies that similarly investigated the effect of different L1
tonal statuses on non-native tone processing, but that only inves-
tigated tone perception and that did not address these other fac-
tors together (Burnham et al., 2015; Schaefer & Darcy, 2014).
Against our prediction informed by the Functional Pitch
Hypothesis, we found no support for an incrementally facilitative
effect of L1 tonal status on non-native tone categorization across
the board. Apart from a number of between-L1 differences for
level tone categorization (which need to be interpreted with cau-
tion because performance for level tones appeared to be at ceil-
ing), and the observation that Thai speakers were more likely
than Swedish speakers to categorize peaking tones, participants’
tone categorization performance was relatively uniform and did
not appear to be strongly modulated by their L1. They showed
global trends in tone categorization accuracy, and categorized sta-
tic low-level tones easily, whereas they categorized dynamic falling
and peaking tones with greater difficulty.

The lack of a clear facilitative effect of L1 tonal status on tone
perception (operationalized by tone categorization, here) repli-
cates findings from other studies that similarly suggest that a
higher degree of pitch functionality in the L1 does not necessarily

Table 6. Descriptive statistics for the word identification task (day 2
generalization). Values are means with standard deviations in brackets.

Dutch Swedish Japanese Thai

Accuracy (%) 61.4 (27.0) 54.9 (24.3) 60.5 (22.6) 64.7 (22.2)

% of tone-only
errors

81.1 (21.6) 75.4 (22.5) 71.0 (0.22) 80.6 (0.25)

Figure 4. Predicted word identification accuracy
per tone by L1. Bars represent 95% CrIs.
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facilitate tone perception (A. Chen et al., 2016; Cooper & Wang,
2012; Cutler & Chen, 1997; Francis et al., 2008; Gandour &
Harshman, 1978). Yet, it contrasts with Schaefer and Darcy
(2014) and Burnham et al. (2015) that did find an incrementally
facilitative effect of L1 tonal status on tone perception (operatio-
nalized by tone discrimination). The discrepancy between our and
their findings is difficult to interpret given the methodological dif-
ferences between the studies, but they could potentially be related
to the type of target tone to be perceived, as our findings also sug-
gest. Indeed, Burnham et al. (2015, pp. 1478-1489), who report
differences between L1s per tone type, only found evidence for
a facilitative effect of L1 tonal status in four out of the ten tone
type contrasts tested.

In the present study, rather than finding robust between-group
differences, we found robust between-tone differences applying
cross-linguistically instead. It appears that L1 tonal status does
not incrementally facilitate non-native tone categorization when
the target tonal system is designed such that tones present the
same relative difficulties (vis-à-vis one another) for all L1s
involved. This draws a very interesting parallel with other fairly
global L1-facilitating effects for L2 learning proposed in other
domains, such as that of the L1 vowel inventory on L2 vowel per-
ception. Based on the finding that listeners with large L1 inven-
tories often outperform those with smaller L1 inventories in L2

vowel perception, it has been postulated that having a large L1
vowel inventory facilitates the learning of non-native vowels
(Iverson & Evans, 2007, 2009; Kivistö-de Souza et al., 2017).
However, other studies have strongly challenged this idea by
showing that said advantage is done away with, and that even
the opposite pattern (smaller inventory > larger inventory) can
be elicited, when the acoustic properties of the particular L2 target
contrasts and the way in which they relate to the categories in the
L1 inventory are taken into account (Alispahic et al., 2017; Elvin
et al., 2014).

Above and beyond L1 tonal status, the present study showed
that it was primarily musical experience that facilitated tone per-
ception. This replicates previous findings regarding the effect of
long-term musical training on pre-lexical tone perception, at
least in certain perceptual tasks (Wong et al., 2020; H. Wu
et al., 2015). The results, however, also suggested that the effect
of musical experience was clearly facilitative for Dutch and
Thai, but relatively weak or absent for Swedish and Japanese
speakers. This goes against our expectation, informed by the
‘lack of relevant experience’ addition to the OPERA model
(Choi, 2021), that the effect of any pitch-related skills would be
particularly facilitative for non-tonal (Dutch) speakers, and less
so for pitch-accent and least for tone language speakers. One pos-
sible explanation for this finding could be that musical experience

Figure 5. Predicted word identification accuracy against musical experience, WM, and tone categorization (centered and scaled). Shading ribbons represent 95%
CrIs.
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as expressed by the years of practice is not the most accurate
proxy of music-derived pitch acuity in comparison to measures
that directly gauge musical ability or musicality (Peretz & Hyde,
2003; Wallentin et al., 2010). In any case, the fact that we did
observe an overall facilitative effect of musical experience (though
not equally facilitative in all groups) highlights the relevance of
including it as an extralinguistic factor to explain individual dif-
ferences in tone categorization performance.

The estimates of the effect of working memory per L1 sug-
gested that generally, participants with a higher backwards digit
span did not perform better in categorization. This is in line
with previous studies that found no, or only weak links between
working memory capacity and pre-lexical tone processing
(Bidelman et al., 2013; Hutka et al., 2015). However, the estimate
for the effect of WM for Japanese speakers suggested that digit
span did lead to higher tone categorization accuracy. Although
there is some evidence that WM facilitates Japanese speakers’
L1 pitch pattern categorization (Goss & Tamaoka, 2015), it is
unclear why WM only clearly facilitated Japanese, but not other
participants’ tone categorization accuracy.

Word identification (generalization)

Results from the word generalization task showed that partici-
pants were able to identify the meaning of tonal pseudolanguage
words when those were spoken by a new speaker. However, they
appeared to struggle with identifying the meaning of words that
formed tonal minimal pairs, as most errors that participants
made were tone-only errors. This suggests that participants had
acquired the words’ segmental, but not the tonal properties, and
highlights that encoding tone information into the lexical repre-
sentations of newly-learned (pseudo)words is indeed rather chal-
lenging, as suggested by earlier tone word learning studies
(Laméris & Post, 2022; Y. Li et al., 2022; Pelzl et al., 2021;
Wong & Perrachione, 2007).

In addition, a comparison between the tone categorization and
word identification results indicates that the difficulties experi-
enced in the latter go above and beyond those involved in sheer
pre-lexical tone perception. Although inherent task differences
(e.g., a three-way versus a nine-way choice) may partly explain
this discrepancy, this finding on tone processing extends to previ-
ous research on non-native segmental processing that shows that
there is a substantial gap between L2 learners’ perceptual acuity at
the pre-lexical level and their actual ability to draw upon the crit-
ical L2 categories in situations requiring the establishment of
form-meaning associations, i.e., word learning (cf. Hayes-Harb
& Masuda, 2008; Llompart & Reinisch, 2020, 2021).

The central finding of the word identification task was, how-
ever, that accuracy levels across L1s were very similar. This sug-
gests that L1 tonal status did not facilitate word identification
performance. Parallel to the findings of the tone categorization
task, it again appeared that dynamic-dynamic tone contrasts (fall-
ing and peaking tones) were the most difficult, whereas the low-
level tones were easiest to process, and this was observed in all L1
groups. Nevertheless, unlike in the tone categorization task, there
were more L1-specific patterns in accuracy of word identification
(namely, that Swedish speakers were less likely than all other
groups to identify level tone words, and Japanese speakers less
likely than all other groups to identify falling tone words).
These could be indicative of interactions between the L1 pitch
accent systems and the target tone types. Although we can only
speculate, it could be that Swedish speakers were inattentive

(or “deaf”, cf. Dupoux et al. (1997, 2008)) to level tone words
because these lack any pitch-based syllable prominence, unlike
Swedish pitch-accented words which do have a pitch movement
on the first syllable that may be phonetically and cognitively
marked (Roll et al., 2011; but cf. Köhnlein, 2020, p. 458). As for
Japanese speakers, the falling and peaking pitch patterns on the
first syllables in the present pseudolanguage may have assimilated
to canonical pitch patterns of Japanese first-mora accented words
(Ishihara, 2006; Laméris & Graham, 2020) which would consti-
tute a two-to-one perceptual assimilation pattern and increase
the difficulty of distinguishing the falling and peaking patterns.
A similarity judgment task (cf. J. Chen et al., 2020) would have
to ascertain whether participants did indeed assimilate the pseu-
doword tone patterns, but a post-hoc questionnaire (see
Supplementary Materials) suggests that participants did not find
the tones to strongly resemble native prosodic categories.

Despite these two very specific observations, performance in
the final word identification task was generally uniform across
participant groups. Results revealed no clear evidence that L1
tonal status incrementally facilitates lexical encoding of tones, at
least when operationalized by a word identification task of tonal
pseudowords with tones following the same difficulty hierarchy
for all L1s involved.

Similar to the tone categorization task, extralinguistic factors
also predicted individual performance in word identification, to
some extent. Musical experience predicted word identification in
the Swedish group. In other groups, there was no indication that
years of musical practice was associated with more accurate word
identification. One possibility is that Swedish speakers benefited
relatively more from musical experience because unlike the other
L1 groups, Swedish speakers struggled more with contrasts between
level and contour tones, and therefore would benefit more from
musical experience, but this would require further investigation.

Although an effect of WM was predicted based on previous
studies that show a link between WM capacity and the facility
to learn non-native words (Baddeley, 2003; Kormos & Sáfár,
2008), it is possible that WM was relatively irrelevant to perform-
ance in the present study because individuals were learning tone
words. Therefore, individual skills related to pitch processing,
above and beyond measures of WM capacity, may have been
more indicative of individual performance in the learning of the
tonal words (Bowles et al., 2016; Perrachione et al., 2011).

Link between tone perception and word learning

The strongest predictor of performance in word identification was
not musical experience or working memory, but individual tone
categorization performance. Across the board, it emerged that
participants who scored higher in tone categorization were
more likely to correctly identify tonal pseudowords. This adds
to a growing body of research that assesses the relationship
between pre-lexical perception and lexical representation and pro-
cessing in second language learning (Darcy & Holliday, 2019;
Melnik & Peperkamp, 2021; Simonchyk & Darcy, 2017) and repli-
cates findings by previous studies that show a strong link between
pre-lexical and lexical tone processing, specifically when the for-
mer is assessed by a tone categorization task (Bowles et al.,
2016; Laméris & Post, 2022; Ling & Grüter, 2020; Wong &
Perrachione, 2007).

In particular, it is worth contextualizing the present study’s
findings on the effect of musical experience, working memory,
and tone categorization with those from Bowles et al. (2016),
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who investigated Mandarin tone word learning in English-L1 par-
ticipants. They found that measures of pitch processing, in par-
ticular tone categorization accuracy and, to a limited extent, the
number of months of private music lessons, improved predictions
of tone word learning beyond measures of general cognitive abil-
ity and foreign language experience. They suggest that “a feature-
specific approach to the prediction of L2 attainment (drawing on
abilities/aptitudes that are most closely related to the linguistic
challenge) is more powerful than a language-general approach”.
(Bowles et al., 2016, pp. 798–799).

Yet, in the present study, which involved learners from a spec-
trum of L1 tonal statuses, the estimates of the effect of tone cat-
egorization per L1 suggested that L1 tonal status in fact
modulated the strength with which tone categorization facilitated
word identification. Tone categorization appeared to be most
facilitative for Dutch speakers, less so for Swedish and Japanese
speakers, and least for Thai speakers. This chimes in with studies
that suggest that pre-lexical tone processing abilities may be more
beneficial for non-tone language speakers than for tone language
speakers in tone word learning (Cooper & Wang, 2012; Ling &
Grüter, 2020). It may be that there is a trade-off between individ-
ual linguistic and extralinguistic ‘skills’, in which prior L1 experi-
ence with lexical tones reduces the need to rely on extralinguistic
pitch processing skills to facilitate the task of tone word learning.
Indeed, such a trade-off between individual resources is suggested
by studies that show that the effects of L1 tone experience and
musical experience are not additive (Choi, 2021; Maggu et al.,
2018). If a higher degree of L1 tonal status indeed reduces the
need for individual pre-lexical pitch processing skills – and if it
does so in an incremental way as tentatively shown in the present
study – this might be evidence of qualitative, but not quantitative
differences across speakers of different of L1 tonal statuses in non-
native tone word learning.

Conclusion

The findings from this study reveal that, when factoring in the sim-
ultaneous effects of tone type, musical experience, and working
memory, an individual’s L1 tonal status is not strongly indicative
of tone perception or tone word learning facility. Instead, the ease
with which learners perceive non-native tonal contrasts appears to
be largely guided by the target tone type, as learners exhibit global
patterns in tone perception accuracy based on the inherent difficulty
of the tone types at hand. The individual ability to pre-lexically per-
ceive tones is in turn the strongest predictor of how easily learners
then go on to learn how to use those tones in words. Individual
musical experience and working memory capacity may facilitate
tone perception and word learning, but they appear to play a sec-
ondary role overall. In addition, although tone perception predicts
tone word learning, it may do so most strongly in learners whose
L1 tonal status is low, and less strongly in learners whose L1
tonal status is intermediate or high. In sum, the present study’s find-
ings suggest that individual variability in tone word learning facility
across a spectrum of L1 tonal statuses can be best captured by an
L1-modulated feature-specific account of pitch processing.
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Notes

1. Note that unlike Schaefer and Darcy (2014) and Burnham et al. (2015),
tone perception in these studies was operationalized not by a tone discrimin-
ation, but a tone categorization task in which a listener needs to identify a spe-
cific tone pattern on a sound devoid of lexical meaning. In line with these
studies, we also chose a tone categorization task to operationalize pre-lexical
tone processing.
2. This tone has been described both as rising-falling 241 (J. Chen et al., 2020,
p. 6) and high-falling 51 (X. Wu et al., 2014). To avoid confusion, we will hence-
forth refer to this tone as ‘falling’ given that this is appears to be the most typical
phonological description (I. L. Chan & Chang, 2019; J. Chen et al., 2020, p. 4).
3. An alternative scenario would be that the falling and peaking tone assimi-
late in a single-category or ‘category goodness’manner to the Thai falling tone,
which could make this contrast difficult for Thai speakers. This appears not to
have been the case, since Thai speakers never underperformed in contour tone
categorization or word identification in comparison to other speakers. It
remains possible however, that a potential negative interference due to cat-
egory goodness or single-category assimilation dampened any L1 perceptual
advantage that Thai speakers could have had.
4. As in the previous studies that served as points of reference for the present
study (Burnham et al., 2015; Schaefer & Darcy, 2014), our participants were
resident in an English-speaking country, which may have dampened some
of the L1 tonal status effects.
5. It might be argued that including ‘non-tone-only error’ responses, e.g., a mis-
identification of the target word /la11.la11/ as /lε11.lε11/ in the analysis, might
not be relevant to examine tone word learning. Therefore, a separate model was
fitted on the data that excluded such non-tone-only errors (see Supplementary
Materials). However, this model revealed similar effects and interactions as the
model fitted on the data that included all responses. Therefore we chose to run
the analysis on the dataset including all response types, in line with previous
tone word learning studies (Wong & Perrachione, 2007).
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