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ABSTRACT
Phonological similarity affects bilingual lexical access of etymologically-related translation
equivalents (ETEs). Jinan Mandarin (JM) and Standard Chinese (SC) are closely related and share
many ETEs, which are usually orthographically and segmentally identical but vary in tonal
similarity. Using an auditory lexical decision experiment and Generalised Additive Modelling, the
present study investigates how cross-linguistic tonal similarity interacts with language of
operation and how the switching of language across blocks influences SC-JM bilinguals’ auditory
lexical processing of ETEs. Bilinguals showed a language dominance effect, indicating that ETEs
are specified with separated word-form representations. Compared with SC tonal monolinguals,
bilinguals showed a discontinuous bilingual auditory lexical advantage, instead of a classical
bilingual lexical disadvantage. The dynamic role of cross-linguistic tonal similarity in auditory
word processing is discussed in light of the bilinguals’ attentional shift with the change of
language mode at the pre-lexical and lexical stages.
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1. Introduction

The sound shapes of words can be more or less similar to
each other. The degree of similarity varies depending on
the phonemes in the words and how these phonemes
are combined. Words can be compared not only within
one language in terms of phonological similarity, but
also across languages. Cross-linguistic1 phonological
similarity has been shown to influence bilingual auditory
lexical processing. The way cross-linguistic tonal simi-
larity influences auditory lexical processing, however,
requires further research.

1.1. Cross-linguistic phonological similarity in
bilingual auditory lexical processing

Previous auditory studies have repeatedly shown that
bilingual auditory lexical processing is influenced by
the strength of cross-linguistic phonological similarity
(e.g. Cutler, Weber, & Otake, 2006) in an integrated bilin-
gual lexicon (Canseco-Gonzalez et al., 2010; Lagrou, Hart-
suiker, & Duyck, 2013; Marian & Spivey, 2003; Marian,
Spivey, & Hirsch, 2003; Spivey & Marian, 1999; Weber &
Cutler, 2004). Increased cross-linguistic phonological
similarity, however, was found to either facilitate or inter-
fere with bilingual auditory lexical processing,

depending upon the specific context and task (e.g. in
Marian, Blumenfeld, & Boukrina, 2008, experiment 3).

The prima facie inconsistent phonological similarity
effect was explained by postulating different roles of
phonological similarity at lexical and pre-lexical stages
of language processing (Spinelli, Segui, & Radeau,
2011). On the one hand, lexical-level competition (or: par-
allel inhibition) has been proposed to account for the
interfering effect of phonological similarity (e.g. by the
TRACE model, McClelland & Elman, 1986, the Cohort
model, Marslen-Wilson, 1987, and the Neighbourhood
Activation Model, Luce & Pisoni, 1998). On the other
hand, at the pre-lexical stage, phonological similarity is
related to facilitation in a data-driven way (e.g. found as
facilitatory auditory priming effect in Spinelli et al., 2001).

Observed processing costs (e.g. reaction times) in
lexical tasks usually result from both lexical and pre-
lexical stages. As demonstrated by hypothetical
examples in Figure 1, with phonological similarity as
the predictor, the pre-lexical processing cost can be
modelled with various decreasing functions (the red
solid lines), the lexical processing cost can be modelled
with various increasing functions (the blue dash lines),
and the observed processing cost can be modelled
with the sum of the pre-lexical and lexical functions
(the black dotted lines). The function for the observed
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cost can take various shapes (monotonous or non-mono-
tonous; decreasing or increasing) depending on the
slopes and shapes of the pre-lexical and lexical functions.

The patterns of observed cost such as shown in Figure
1 are not unprecedented (e.g. Dijkstra, Miwa, Brummel-
huis, Sappelli, & Baayen, 2010). In return, the pre-lexical
and lexical functions can be partly deduced from the
shape of the function for the processing cost observed
in the current study. Hence, by observing the processing
cost as a function of phonological similarity using lexical
tasks, we can tap into the mechanisms at the lexical and
pre-lexical stages of processing with more details.

Returning to bilingual auditory lexical processing, it is
known that the effect of cross-linguistic phonological
similarity is modulated by a number of factors, such as
speech context (Lagrou, Hartsuiker, & Duyck, 2011,
2012, 2015; Lagrou et al., 2013), monolingual versus bilin-
gual modes of language processing (Canseco-Gonzalez
et al., 2010; Grosjean, 1998, 2001), as well as the status
of the language of operation2, e.g. nativeness, profi-
ciency, and age of acquisition (Athanasopoulos et al.,
2015; Canseco-Gonzalez et al., 2010; Marian & Spivey,
2003; Weber & Cutler, 2004).

What remains unclear is how these various factors take
effect in lexical and pre-lexical stages of bilingual lexical
processing. Taking the lexical and pre-lexical mechanism
into consideration, the divergent effects of cross-linguis-
tic similarity may be explained more coherently.

The primary goal of this study is therefore to further
investigate the possibly dynamic interaction between
cross-linguistic phonological similarity and the various
factors characteristic of bilingual lexical representations
and speech processing at the pre-lexical and lexical stages.
Specifically, we are looking into how the pre-lexical and
lexical processing costs are modulated by language dom-
inance, the switching of the language of operation, as well
as the dynamic change with the progress of the task.

1.2. Cross-linguistic phonological similarity and
cognate facilitation

One famous test case of cross-linguistic phonological
similarity is etymologically-related translation equiva-
lents (ETEs), which have a common origin, refer to the
same concepts, and are similar in sound. They are
either inherited from the common ancestor language
as cognates or borrowed across languages as loan words.

Compared with unrelated translation equivalents, the
effect of cross-linguistic phonological similarity on ETEs
seems to be facilitatory. Using “cognates” to refer to
ETEs, psycholinguists have found a “cognate facilitation
effect” in many visual studies, under different tasks and
conditions (Bultena, Dijkstra, & Van Hell, 2014; Costa,
Caramazza, & Sebastian-Galles, 2000; Costa, Santesteban,
& Caño, 2005; Dijkstra et al., 2010; Dijkstra, Grainger, &
Van Heuven, 1999; Duyck, Assche, Drieghe, & Hartsuiker,
2007; Lemhöfer et al., 2008; Lemhöfer & Dijkstra, 2004;
Van Hell & Dijkstra, 2002). ETEs are processed faster
than unrelated translation equivalents by bilinguals of
various languages. Since ETEs are phonologically more
similar than unrelated translation equivalents, the
cognate facilitation effect is more in line with facilitatory
cross-linguistic phonological similarity effects.

Nevertheless, how the processing of ETEs themselves
is influenced by the strength of phonological similarity is
still unclear. Bilinguals’ speed of lexical responses to ETEs
can either increase (Dijkstra et al., 2010; Duyck et al.,
2007; Nakayama, Verdonschot, Sears, & Lupker, 2014),
decrease (e.g. Dijkstra et al., 1999), or remain unaffected
(Lemhöfer & Dijkstra, 2004) with the strength of phono-
logical similarity.

Moreover, although cognate facilitation has been well
investigated in visual studies, relevant auditory studies
are scarce and inconsistent. ETEs were found to yield
comparable facilitatory cross-linguistic repetition

Figure 1. Hypothetical pre-lexical processing cost as decreasing functions of phonological similarity (red solid lines), lexical processing
cost as increasing functions of phonological similarity (thick dash lines), and their sum as the function for observed cost (black dotted
lines). The function for the observed processing cost can be facilitation-dominant (1st panel), interference-dominant (2nd panel), lin-
early balanced (3rd panel), or non-linearly balanced (e.g. concave, 4th panel), depending on the slopes and shapes of the pre-lexical and
lexical functions.
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priming in both visual and auditory experiments, (Wou-
tersen, De Bot, & Weltens, 1995). However, in a study
using a auditory visual world paradigm, ETEs are more
susceptive to cohort competition than unrelated
translation equivalents (Blumenfeld & Marian, 2007).
Thus, the limited auditory findings are also inconsistent.

These inconsistencies are in line with what was noted
for the cross-linguistic phonological similarity effect in
auditory lexical processing. There may be several
reasons for this inconsistency in findings regarding the
influence of phonological similarity.

First, in visual studies, unlike semantic and
orthographic similarities (Dijkstra et al., 1999, 2010), pho-
nological similarity co-varies and interacts with ortho-
graphic similarity. For instance, Dijkstra et al. (2010)
have shown that phonological similarity influences
orthographically identical and non-identical ETEs
differently.

Second, a pair of ETEs can vary along different phone-
mic dimensions. For instance, some have different
vowels and others have different consonants. Neverthe-
less, the specific bilingual language combinations inves-
tigated in the earlier studies suffer from a relative scarcity
of mono-dimensional variability. This encouraged us to
look for a better test case for the effect of phonological
similarity along one specific phonemic dimension at a
time (e.g. onset, rime, or tone).

Finally and more importantly, similar to what was dis-
cussed in 1.1.2, evidence supports that cross-linguistic
similarity also influences ETE processing via both lexical
and pre-lexical mechanisms. On the one hand, cognate
facilitation (e.g. Dijkstra et al., 1999) and similarity-
related facilitation on ETE recognition (e.g. Duyck et al.,
2007) are in-line with the facilitatory mechanism via
pre-lexical overlapping. On the other hand, ETE-related
increase of cohort-competition in auditory visual world
paradigm (Blumenfeld & Marian, 2007) and similarity-
related interference on ETE recognition (e.g. Dijkstra
et al., 1999) suggest that the interference mechanism
via lexical-competition is also playing a role. Whether
facilitation or interference would finally be observed is
probably modulated by various bilingual factors.

Thus, a more particular goal of this study is therefore
to investigate how cross-linguistic phonological similarity
and various bilingual factors influence auditory recognition
of ETEs.

1.3. Tonal bilingualism of two Chinese Mandarin
dialects

To investigate the above-mentioned research question,
the present study tests bilinguals who speak two
closely related tonal dialects, namely Standard Chinese

(SC, or Mandarin in narrow sense) and Jinan Mandarin
(JM).

It is widely accepted that lexical tones function as
abstract lexical frames and prosodic cues in the mental
representation of words (Chen, Chen, & Dell, 2002; Ye &
Connine, 1999), similarly to lexical stresses (Cutler &
Van Donselaar, 2001; Cutler, 1986; Jongenburger, 1996;
Levelt, Roelofs, & Meyer, 1999; Van Heuven, 1988), and
that tonal minimal pairs have distinct representations
in lexical access (Chen, Shen, & Schiller, 2011; Malins &
Joanisse, 2010, 2012; Nixon, Chen, & Schiller, 2014; Wu,
Chen, Van Heuven, & Schiller, 2014). Bilinguals of two
tonal languages access tonal information differently
than those who use only one (Wiener & Ito, 2015).
Subtle differences between the two tonal systems are
also represented in the lexicon (Wu, Chen, Van Heuven,
& Schiller, 2017; Zhang, Samuel, & Liu, 2012).

The current study focuses on pairs of ETEs which differ
only in tone, for which the bilingualism of SC and JM
present an ideal test case. Different from bilingualism
between two remote languages, SC-JM bilingualism
involves a larger number of ETEs3, which are usually ortho-
graphically, morphologically and segmentally identical in
the younger generation’s pronunciation. However, these
SC-JM ETEs can be either similar or dissimilar in their
tonal patterns. For instance, SC has four monosyllabic cita-
tion tones: high-level, high-rising, low-rising(dip), and
falling (Chao, 1948).4 JMalso has fourmonosyllabic citation
tones: rising, high-falling, high-level and low-falling (Qian,
1997). Both dialects have limited tone sandhi patterns
(Peng, 2000;Wuet al., 2017;Wu, Chen, VanHeuven, & Schil-
ler, 2016; Wu, Chen, Van Heuven, & Schiller, 2018; Yuan &
Chen, 2014). The SC and JM forms for “to own” are
written with the same characters 拥有and share the
same segmental structure, /ioŋ-iou/; similarly, the SC and
JM forms for “thanks” are written with the same characters
谢谢 and share the segmental structure, /ɕiɛ-ɕiɛ/. However,
the two pairs differ in terms of cross-linguistic similarity of
lexical tone: the SC and JM forms for “own” carry very
different tonal patterns, high-level + low-rising in SC and
low+ high-level in JM. In contrast, the tonal patterns of
SC and JM “thanks”, falling + falling in SC and low-falling
+ low-falling in JM, are much more similar.

The bilingualism of SC and JM allows us to focus on the
tonal aspect of phonological similarity while keeping the
orthographic, morphological, semantic, and segmental
aspects constant.

1.4. The role of language dominance in bilingual
lexical processing

Previous research supports the view that orthographi-
cally non-identical ETEs (e.g. English tomato and Dutch
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tomaat) are stored separately and inhibit each other,
while orthographically identical ETEs (e.g. English film
and Dutch film) are instead represented with one
single word-form representation, in visual modality (Dijk-
stra et al., 2010). However, when it comes to auditory
modality, our understanding regarding ETE lexical rep-
resentation is limited.

Particularly, are orthographically and segmentally iden-
tical ETEs (which may only differ in tone) represented with
shared or separate representations in auditory modality?
The answer is less straightforward, since how similar
two ETEs need to be (especially regarding tonal similarity
in auditory modality), in order for them to be counted as
“identical”, is open to discussion.

Language dominance may shed light on this ETE
lexical presentation dilemma. Usually reported together
with the asymmetrical translation priming effects (e.g.
Basnight-Brown & Altarriba, 2007) and the asymmetrical
cognate facilitation effects (e.g. Brenders, Van Hell, &
Dijkstra, 2011; Van Hell & Dijkstra, 2002), language dom-
inance effects are considered to be mediated by the rela-
tive frequencies of lexical representations in the
integrated bilingual lexicon (Van Heuven, Dijkstra, &
Grainger, 1998). Words from the dominant language
are used more frequently than their translation equiva-
lents from the non-dominant language and hence
easier to retrieve.

This frequency-based account of the language domi-
nance effect crucially assumes that the translation
equivalents have two lexical representations (Altarriba,
1992). We would like to use language dominance effect
to investigate whether even very similar tones from
different languages distinguish bilingual lexical
representations.

1.5. Trial order effect and bilingual dynamic
attention control

The effect of trials has long been noticed in bilingual
research. However, a trial order effect was generally
believed to be largely decided by the participants’ per-
sonal traits, fatigue, or task familiarity, and hence not
interesting for the research questions.

Trial order effects in auditory lexical decision are
usually controlled by presenting trials to each participant
in a different randomised order (e.g. Andruski, Blumstein,
& Burton, 1994; Goldinger, Luce, Pisoni, & Marcario, 1992;
Radeau, Morais, & Dewier, 1989). More recent studies
using mixed effect modelling either model the general
trial-order effects within a fixed-term (e.g. Mitterer,
Chen, & Zhou, 2011), or use by-participant random
effects for trial order to model the individual differences
in trial-order effect (e.g. Wu et al., 2014), but these studies

did not provide an explicit characterisation of the effect
of trial order.

We would argue that the trial order effect is atten-
tional in nature (Cozby, 2011, p. 165). Considering that
the dynamics of bilingual lexical processing is closely
related to bilinguals’ attentional control, we may ask
whether a consistent interaction effect between trial order
and cross-linguistic phonological similarity can be found
on the bilinguals’ auditory lexical processing.

1.6. Bilingual lexical disadvantage

Bilinguals were usually found to recognise and produce
words slower and less accurately than monolinguals
(e.g. Bialystok, 2009; Costa et al., 2000; Dijkstra et al.,
1999; Lemhöfer et al., 2008; Lemhöfer, Dijkstra, &
Michel, 2004; Martin et al., 2012; Mulder, Dijkstra, Schreu-
der, & Baayen, 2014), even when responding to ETEs (e.g.
Dijkstra et al., 1999). Such a bilingual lexical disadvantage
was commonly found in bilingualism of remote and non-
tonal languages.

The bilingual lexical disadvantage was explained by
assuming that bilinguals have a denser lexical neighbour-
hood and hence suffer more from the interference intro-
duced by lexical-level competition than monolinguals
(Ransdell & Fischler, 1987). However, this explanation is
based on the assumption that translation equivalents
are stored separately. This is still open to discussion for
tonal ETEs in auditory modality as discussed in 1.4. More-
over, lexical-level competition in bilingual ETE processing
may be modulated by cross-linguistic phonological simi-
larity and its interaction with other bilingual factors.

Thus whether the bilingual lexical disadvantage applies
to the auditory lexical retrieval of tonal ETEs in closely
related dialects needs to be re-examined.

1.7. Design and hypotheses

The present study investigated how cross-linguistic tonal
similarity affects the spoken word recognition of ETEs
and the role of tone in bilingual lexical representation.
More specifically, we ask whether tonal similarity
affects the bilinguals’ responses to segmentally identical
ETEs. If it does, we will further look into how the tonal
similarity effect interacts with word frequency, trial
order (which reflects the progress of the experiment),
target dialect (which reflects the influence of language
dominance, with SC as the dominant dialect), as well as
block (which reflects the influence of global language
switching, with each language of operation tested
within one block and the language of operation switched
between blocks). In order to eliminate potentially con-
founding factors irrelevant to bilingualism, the tonal
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bilinguals’ responses will be compared with the
responses from SC tonal-monolinguals, whose responses
to the SC version of the stimuli serve as the baseline in
the present study.

(1) Language dominance effects can bring insights
into whether a pair of ETEs which only differ in tone
share a single word-form representation.

There can be a single word-form representation for
orthographically identical ETEs, but at least two rep-
resentations are needed for non-identical ETEs (Dijkstra
et al., 1999). However, this is less clear-cut in auditory
studies regarding the tonal aspect of orthographically
and segmentally identical ETEs.

The frequency-based account of the language domi-
nance effect predicts that, if a pair of ETEs share a
single lexical representation, they cannot be assigned
different lexical frequencies and should be activated
with the same speed in both language varieties,
showing no language dominance effect. Here we
presume that, if the form in the dominant dialect is
recognised faster than its counterpart in the non-domi-
nant dialect, all else being equal, the two forms,
however similar they are, are likely to be specified with
two separated word-form representations. Although
this question is more specific for the tonal ETEs under
discussion, it needs to be discussed before we move
on to the lexical and pre-lexical effects of tonal similarity.

(2) By looking into the effect of cross-linguistic tonal
similarity, as well as its interaction with trial order and
the other factors, the present study investigates the
dynamic role of lexical tones at the pre-lexical and
lexical stages of bilingual lexical processing. As noted
in section 1.1, phonological similarity has a facilitatory
effect at the pre-lexical stage but an interfering effect
at the lexical stage. Which one would dominate may
be influenced by the progress of the task.

The pre-lexical and lexical mechanisms may differ in
timing. The pre-lexical mechanism seems to be short-
lived, considering that the effect of interlingual cat-
egory-goodness in cross-linguistic auditory lexical recog-
nition was found to disappear between lexical and
semantic levels (Wu et al., 2017). However, the lexical
mechanism seems to be accumulative in nature (Dijkstra
& Van Heuven, 2002).

Hence, we expect that the effect of cross-linguistic
tonal similarity would change from facilitation-dominant
to involving more lexical-level interference with the
increase of trial order. Specifically, when the lexical-level
competition has not yet fully kicked in, for instance, at
the start of a task when not so many words are activated
in the working memory, bilinguals may be primarily
influenced by pre-lexical activations. Then cross-linguistic
phonological similarity would primarily show a facilitation

effect via overlapping pre-lexical representations (see the
1st panel of Figure 1). Alternatively, when lexical-level
competitions accumulate in the bilingual lexicon, for
instance, with the progress of the task, bilinguals’ sensi-
tivity to the lexical level is more likely to rise. In this case,
interference may surface (see the 2nd panel of Figure 1).

We also expect cross-linguistic tonal similarity and
trial order to further interact with target dialect and
global language switching, as will be elaborated with
more details in the following sections.

(3) By looking into the effect of language switching
across blocks, the present study investigates how the
language mode influences the bilinguals’ sensitivity to
tonal similarity on both pre-lexical and lexical levels.

At the stage of pre-lexical processing, it has been
shown that bilinguals can give different category-good-
ness ratings for the same sound according to the
language of operation (Antoniou, Tyler, & Best, 2012).
This finding indicates that bilinguals can adapt their pho-
netic attention according to language of operation.

At the stage of lexical-competition, there is also plenty
of evidence suggesting that the cross-linguistic lexical
competition can be strengthened or weakened depend-
ing on whether the language mode is more “monolin-
gual” or more “bilingual”, again modulated by
bilinguals’ general control of attention (Canseco-Gonza-
lez et al., 2010; Grosjean, 1998, 2001).

Regarding the current study, the participants first
come across a monolingual list of one dialect and then
switch to the other dialect in the second block. We
suppose that when the bilinguals hear the first-encoun-
tered dialect, their attentional control is first directed to
this dialect alone; when the target dialect changes in
the second block, they are more conscious of their bilin-
gual identity and their attentional control adapts.

This hypothesis predicts that bilinguals would raise
awareness of bilingual identity after language switching,
and this would help them suppress cross-linguistic
lexical-competition in the implicit monolingual task,
and hence reduce similarity-related interference. Particu-
larly, the interference at lexical level, although increasing
with the progress of the task (see the discussion in (2)),
may be cancelled out by the pre-lexical facilitation and
fail to emerge on the surface (see the 3rd and 4th panel
of Figure 1). Note that functions of processing costs do
not need to be linear. A simple floor effect happening
at both lexical and pre-lexical level, combined with a
balance of the pre-lexical facilitation and the lexical inter-
ference, can yield the non-linear pattern of observed pro-
cessing cost as shown in the 4th panel of Figure 1.

(4) By comparing tonal bilinguals with tonal monolin-
guals, the present study re-examines the bilingual lexical
disadvantage on tonal ETEs of related dialects.
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Following the hypothesis of increased bilingual neigh-
bourhood density (Ransdell & Fischler, 1987), if the
language dominance effect supports that tonal ETEs
are stored separately, the SC-JM tonal bilinguals should
show a classical lexical disadvantage, yielding slower
responses, as found in bilingualisms of remote and
non-tonal languages (e.g. Bialystok, 2009).

However, if a language dominance effect emerges but
no bilingual lexical disadvantage is found, an alternative
explanation is necessary. Moreover, the previously men-
tioned suppression of cross-linguistic lexical competition
opens the possibility of bilingual lexical advantage.

2. Method

2.1. Participants

Forty-eight native tonal monolinguals of SC from Beijing,
7 male and 41 female, age ranging from 19 to 30, M =
22.73, SD = 2.95, and 54 native SC-JM tonal bilinguals
from Jinan, 15 male and 39 female, age ranging from
19 to 36, M = 22.59, SD = 3.88, 44 SC dominant or
balanced, 10 JM dominant, all highly proficient in both
dialects, participated in this experiment in exchange for
payment. The language dominance was derived from
self-reported frequencies of language use on a ten-
point scale, depending on which dialect was used
more frequently. Only the results from the SC-dominant
and balanced participants were taken into consideration
in the analysis. All participants passed a selection pro-
cedure. They read aloud a small Chinese passage (bilin-
guals in both JM and SC, monolinguals in SC) and a
trained phonetician familiar with both SC and JM
excluded candidates who could not fluently read the
passage or code-mixed more than three times.5 Both
groups were right-handed, had acquired their literacy
in SC, and had learned some English at school.6 A few
participants from each group also had some knowledge
of other non-tonal foreign languages, such as French and
German.

2.2. Design and stimuli

A mixed design was adopted. Tonal Similarity, Word Fre-
quency, Participant Group, Target Dialect, and Block were
manipulated. We first composed a list including 54 pairs
of disyllabic SC-JM ETEs (see Appendix). Since no
measurement of phonological similarity between SC-JM
ETEs was available before the experiment, the first
author (a trained phonetician with Putonghua Profi-
ciency Test Certificates- Level1B) judged the words
from a JM audio corpus, with 200 high-frequency and
200 low-frequency words by 42 JM speakers collected

in our earlier study (Wu et al., 2016) for their different
degrees of phonological similarity to their SC counter-
parts. Afterwards, 27 more phonologically similar and
27 phonologically less similar pairs of ETEs were selected.
Since many JM words were produced with different var-
iants in the corpus (Wu & Chen, 2014), we selected words
with dominant-variant probabilities greater than 0.85
and only used the sole variant or highly dominant
(prob. ≥ 0.85) variant in our experiment. The two
groups of words (as candidates) were matched with
respect to their Chinese word frequency (61.5 versus
64.2 per million high-frequency words) and dominant-
variant probability (0.96 versus 0.97). We also composed
a list including 54 pairs of disyllabic non-words in SC and
JM, using non-existing combinations of Chinese charac-
ters which have no homophones in either dialect.
These words and non-words were then produced in
both JM and SC by a male native bilingual who is
highly proficient in both dialects (also a trained phoneti-
cian with Putonghua Proficiency Test Certificates –
Level1B). Four pairs were later excluded because the
speaker introduced segmental variation. After the main
experiment, the phonological (tonal) similarity was
rated for each pair of ETEs by all the SC monolingual
and SC-JM bilingual participants. This rating was ana-
lysed in Analysis 1 and used in Analysis 2 as a major
predictor.

The complete SC versions of the words and non-
words were aurally presented to the Beijing tonal mono-
linguals. The bilinguals were tested in both SC and JM. To
eliminate the possibility of within- and between-dialect
repetition priming, each bilingual heard only one
member of each pair and only heard each stimulus
once. The list of pairs was split into two halves (List-A &
List-B) which were matched based on the number of
more similar candidates, word frequency, dominant-
variant probability, style, and tonal category. Half of the
participants heard the SC part of List-A and the JM part
of List-B; the other half of the participants heard the SC
part of List-B and the JM part of List-A. The SC words
and JM words were presented in blocks separated by
short breaks. Half of the bilinguals were tested with the
SC block first and the other half were tested with the
JM block first. Half-lists, target dialect, and the test
order of target dialects were counterbalanced across
the bilinguals as shown in Table 1.

Table 1. Counterbalanced design.
JM SC Test order of target dialect

Bilingual 1 List-A List-B JM first
Bilingual 2 List-B List-A JM first
Bilingual 3 List-A List-B SC first
Bilingual 4 List-B List-A SC first
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2.3. Procedure

Participants were tested individually in a quiet room
using the E-Prime software (Schneider, Eschman, & Zuc-
colotto, 2002). They were told that they would hear a
series of sound sequences and they had to decide
whether or not each of these sound sequences was a
real word. Each item was presented binaurally through
headphones, with instructions on the screen. A new
trial started 1,000 ms after the participant responded to
an item, or 1,500 ms after the response time exceeded
5 s. SC and JM words were presented in two blocks sep-
arated by a break, in random order. The critical trials of
each block were preceded by an auditory practice
block including 10 words and 10 non-words in the
target dialect.

The target dialect was implicitly hinted. At the begin-
ning of each block, the participants heard instructions in
the target dialect and all the trials in one block were in
the same dialect.

After the main experiment, both bilinguals and mono-
linguals rated all the SC-JM item pairs for cross-linguistic
phonological similarity on a five-point scale. Each pair
was aurally presented twice to the same participant in
two blocks, once with the SC item first and once with
the JM item first. The order of SC-first and JM-first presen-
tations was counterbalanced across participants. Before
the rating phase, the experimenter asked the partici-
pants what they thought the experiment was testing.
None mentioned the cross-linguistic tonal similarity of
the ETEs. The ratings were analysed and used as the
crucial predictor Tonal Similarity in the following analysis.

We then used Generalised Additive Modelling (GAM)
(Wood, 2006, 2011) to model the dynamics of cross-lin-
guistic phonological similarity effects with the progress
of trials in a non-linear way, and to explore their inter-
action with other bilingual factors, such as word fre-
quency and switch of language of operation. The non-
linear individual variations of trial order effects were
also modelled with random smooths.

3. Analysis 1: tonal similarity

Since the SC-JM ETEs in the present study are segmen-
tally identical but vary in tonal similarity, we treated
the rating of phonological similarity for each pair as
based solely on the Tonal Similarity of the pair. Two
values of Tonal Similarity were calculated for each pair
of ETEs, as shown by the horizontal and vertical coordi-
nates of the printed Chinese characters in Figure 2. The
average by-pair Tonal Similarity by bilinguals and mono-
linguals showed a strong by-pair correlation, r = .98.
Nevertheless, a by-pair t-test, comparing the bilinguals’

and monolinguals’ ratings, showed that bilinguals
generally rated the pairs as more similar, t (49) =−4.65,
p < 0.001. This bias was systematic across participants.
It could be removed by z-normalizing the mean by-pair
ratings, t (49) = 0.79, p > 0.05. The bilinguals’ ratings
were included as one predictor in the following GAM
analysis.

Note that the most similar ETEs in the upper right part
of Figure 2 happened to involve many pairs with the
surface tonal pattern low + high (the “high” is the realis-
ation of a neutral tone). These pairs all involve a specific
pair of neutral tone sandhi rules in SC and JM, which
result in the same surface tonal pattern. This phenom-
enon is specific between SC and JM and thus is not the
focus of the current study. However, it resulted in more
realizations of low + high tonal pattern in the test set,
which may bias both groups’ responses and confound
with the effect of Tonal Similarity. In the following analy-
sis, this bias and other biases from the stimuli were
removed by comparing the bilingual participants’
responses with the monolinguals’ responses.

4. Analysis 2: Generalised Additive Modelling
on reaction times

To investigate the dynamics of Tonal Similarity effect, we
performed a GAM analysis in R Version 3.2.1 (R Core
Team, 2013), using the mgcv package Version 1.8.9
(Wood, 2006, 2011, 2015), and plotted the figures with

Figure 2. A scatter plot for the Tonal Similarity (1 = quite dissim-
ilar, 5 = identical) by tonal monolinguals (along the horizontal
axis) and tonal bilinguals (along the vertical axis). Each pair of
ETEs is represented as a point in the plot with their common
written form marked. The points on upper-right side represent
more similar pairs.
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itsadug R package Version 1.0.1(Van Rij, Wieling, Baayen,
& Van Rijn, 2015).

The analysis of reaction times (RTs) was based on
correct trials only. We excluded the data of the 10
JM-dominant bilinguals and one bilingual with a non-
typical accent from the RT analysis.7 To normalise the
distribution of the RT data, they were log-transformed
(natural log). TheRToutlierswere excluded foreachpartici-
pant by using a distribution-based approach (method I)
(Van der Loo, 2010) on the natural-log transformed RTs,
leaving 2143 data points from the monolinguals and
1846 data points from the bilinguals (930 to JM stimuli,
916 to SC stimuli).

With the log Reaction Times as the dependent vari-
able, GAMs were used to assess the possibly non-linear
effect of cross-linguistic Tonal Similarity and its non-
linear interaction with scaled Trial Order (within each
block, mean = 0, sd = 1). These two scaled variables
were modelled within the same smooth function using
the “s” type of spline. Since the tonal monolinguals
were only tested in SC and within one block, Target
Dialect (SC vs. JM), Participant Group (tonal bilinguals
vs. tonal monolinguals), and Block (1st block vs. 2nd

block) were combined into one five-level categorical
predictor Group-TargetDial-Block (bilingual-SC-1st,
bilingual-SC-2nd, bilingual-JM-1st, bilingual-JM-2nd, and
monolingual-SC (control)) to avoid the problem of
missing ranks and to allow the study of their joint non-
linear interaction with Tonal Similarity and Trial Order.
The categorical predictor Word Frequency (high vs. low
according to the design of stimulus sets) was also
included to test for their non-linear interaction with

Tonal Similarity. The participant- and item-induced vari-
ations were included in the random terms.

Using this design and operating within the limits of
computational power8, the GAM model could still be
built in different ways, for instance, including a non-
linear interaction between the two scale predictors in a
term and/or introducing several categorical predictors
separately in different smooth terms (ignoring their poss-
ible non-linear interaction). We built different candidate
models in a forward-dominant way (see the supplemen-
tary R codes for details). These models were then exam-
ined with “gam.check()” function and compared based
on the Akaike Information Criterion likelihood values
(Sakamoto & Ishiguro, 1986), yielding the final structure
reported in the top cell of Table 2. In the final structure,
two linear fixed predictors Word Frequency as well as
Group-TargetDial-Block were included. The model also
included two fixed smooth terms and three random
smooth terms. One fixed smooth term was built with
Scaled Tonal Similarity and its non-linear interaction
with Trial Order, also including their non-linear inter-
action with Group-TargetDial-Block. This reflects the
focus of the current study. The other fixed smooth
term was built for the interaction between cross-linguistic
Tonal Similarity and Word Frequency. The rest of the can-
didates of fixed smooth terms proved to be unnecessary
and were not kept in the final model. One random term
modelled the by-participant random smooth of cross-lin-
guistic Tonal Similarity, a second random term modelled
the by-participant random smooth of scaled Trial Order,
and the third random term modelled the by-stimulus
random smooth of scaled Trial Order. The rest of the

Table 2. Summary of the results of the GAM model for the effects of Tonal Similarity, Trial Order, Word Frequency, and Group-
TargetDial-Block.

Model Specification

LogRT ∼ te(scaled Tonal Similarity, scaled Trial Order, d = c(1, 1), by = Group-TargetDial-Block) + s(scaled Tonal Similarity, by = Word Frequency) + Group-
TargetDial-Block + Word Frequency + s(scaled Tonal Similarity, participant, bs = “fs”, m = 1) + s(scaled Trial Order, participant, bs = “fs”, m = 1) + s(scaled Trial
Order, StimuliID, bs = “fs”, m = 1)

Parametric coefficients: Estimate Std.error t-value Pr(>|t|)
(Intercept) 6.791 0.021 319.227 < 2e-16***
Group-TargetDial-Block bilingual-JM-1st 0.004 0.035 0.112 0.911
Group-TargetDial-Block bilingual-JM-2nd 0.014 0.033 0.425 0.671
Group-TargetDial-Block bilingual-SC-1st 0.016 0.029 0.546 0.585
Group-TargetDial-Block bilingual-SC-2nd −0.088 0.031 −2.825 0.005**
Word Frequency low 0.099 0.018 5.493 0.000***
Smooth terms: Edf Ref.df F p-value
te(scaled Tonal Similarity, scaled Trial Order):Group-TargetDial-Block monolingual-SC 3.421 3.744 1.203 0.307
te(scaled Tonal Similarity, scaled Trial Order):Group-TargetDial-Block bilingual-JM-1st 3.213 3.4 1.238 0.308
te(scaled Tonal Similarity, scaled Trial Order):Group-TargetDial-Block bilingual-JM-2nd 2.002 2.004 0.301 0.741
te(scaled Tonal Similarity, scaled Trial Order):Group-TargetDial-Block bilingual-SC-1st 3.001 3.002 0.945 0.418
te(scaled Tonal Similarity, scaled Trial Order):Group-TargetDial-Block bilingual-SC-2nd 8.702 11.266 1.749 0.056.
s(scaled Tonal Similarity):Word Frequency high 1.744 1.781 1.898 0.092.
s(scaled Tonal Similarity):Word Frequency low 2.38 2.444 5.06 0.004**
s(scaled Tonal Similarity, participant) 40.939 816 0.096 < 2e-16***
s(scaled Trial Order, participant) 186.058 816 0.495 < 2e-16***
s(scaled Trial Order, StimuliID) 82.957 880 1.28 < 2e-16***

(Significance codes: *** 0.001, ** 0.01, * 0.05, 0.1, 1).
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candidates for random terms were not kept in the final
model.9

Autocorrelation values were calculated based on the
order of trials, which showed no autocorrelation
problem (Wood, 2006, 2011). Thus no AR1 error model
was built and the original model is the one reported.

5. Results of Generalised Additive Modelling

5.1. Model summary

The fitted models accounted for 61.6% of the variance in
the data. Table 2 summarises the results of the GAM
model, including the model specification (top), coeffi-
cients for the parametric predictors (middle), and the
F-statistics for the smooth terms (bottom).

The parametric coefficients in the middle of Table 2
showed a model-constant word frequency effect: the
participants responded 9.9% slower to low frequency
words. Importantly, only the tonal bilinguals’ responses
to SC stimuli in the second block (bilingual-SC-2nd)
were significantly different from the tonal monolinguals’
responses (monolingual-SC, the baseline) in a model-
constant way, in the way that the bilinguals reacted
8.8% faster than the monolinguals to the SC stimuli in
the 2nd block.

The F-statistic for the smooth terms at the bottom of
Table 2 showed a significant non-linear interaction
between Tonal Similarity and low-frequency words.
Also, non-linear patterns of the bilinguals’ responses to
SC stimuli in the second block (bilingual-SC-2nd), as

well as the non-linear interaction between Tonal Simi-
larity and high-frequency words, were marginally signifi-
cant. All three random terms were significant, showing
strong individual- and stimulus-based effects.

Note that the F-statistics for the smooth terms com-
pares each manipulation level with the average level. To
answer the research questions, different manipulation
levels need to be compared post-hoc. To examine this,
we calculated the estimated difference between
smooth surfaces (Van Rij et al., 2015) and made plots
with contours for standard errors, as shown in the follow-
ing subsections (Figures 4–7). The original model esti-
mates (i.e. partial effects) under different conditions
were also depicted in a similar way (left panel of Figure 4).

5.2. Stimulus-inherent correspondence between
word-frequency and tonal similarity

As shown in the left and middle panels of Figure 3,
respectively, high- and low-frequency words appeared
to have different non-linear correspondence with Tonal
Similarity. The estimated difference curve comparing
the high-frequency and low-frequency words indicates
that the high-frequency stimuli with the highest or
lowest Tonal Similarity showed more frequency-based
advantage than the low-frequency words. Also, the
stimuli with the greatest Tonal Similarity showed rela-
tively larger variance.

However, these effects are probably stimulus-inherent.
As shown in the model specification of Table 2, these
relations apply to both the tonal monolinguals and

Figure 3. Partial effects for interaction of cross-linguistic Tonal Similarity and estimated log RTs for high-frequency (left panel) and low-
frequency (middle panel) words, as well as the estimated difference curve comparing high-frequency and low-frequency words (right
panel).
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bilinguals and hence are irrelevant to the difference
between the participant groups. Only after partialling
out this stimulus-inherent correspondence between
word-frequency and Tonal Similarity, will the bilingual
effect of cross-linguistic Tonal Similarity start to emerge.

5.3. Nonlinear interaction between tonal
similarity and trial order (in general)

As depicted in the left panel of Figure 4, a nonlinear inter-
action between Tonal Similarity and Trial Order
influenced the tonal bilinguals’ RTs to the auditory
stimuli. These patterns, nevertheless, need to be

adjusted for the other stimulus-inherent effects. This
was done by calculating the difference between the
bilinguals and monolinguals. Also, the interaction
between Tonal Similarity, Trial Order, and each factorial
manipulation (i.e. Participant Group, Target Dialect, or
Block) was logically inferred from the difference
between levels (e.g. bilingual-JM-1st vs. bilingual-JM-
2nd for the effect of block with JM as the target dialect).

The tonal monolinguals’ RTs, shown as partial effect in
the middle panel of Figure 4, increased with Tonal Simi-
larity and decreased with Trial Order, with the two factors
interacting in a nearly linear way. There seemed to be a
Tonal Similarity effect for the tonal monolinguals.

Figure 4. (1) Left panel: The four subplots show the bilinguals’ partial effects for the interaction of cross-linguistic Tonal Similarity (hori-
zontal axis) and trial order (vertical axis), in the first (left) and second (right) blocks, and in JM (top) and SC (bottom). (2) Middle panel:
the monolinguals’ partial effect for the interaction of cross-linguistic Tonal Similarity (horizontal axis) and trial order (vertical axis), as
base-line. (3) Right panel: The four subplots show the estimated difference between bilinguals’ and monolinguals’ smooth surfaces for
the interaction of cross-linguistic Tonal Similarity (horizontal axis) and trial order (vertical axis) with contours for standard errors, also
split by the blocks (left-1st block, right-2nd block) and the target dialects (top-JM, bottom-SC). Warmer colour represents longer RT and
values are marked on the isolines. Note that the same colour may represent different values in different plots.

Figure 5. (1) Left panel: (repeats the right panel of Figure 4, but with sample slice for beginning trials marked) The four subplots show
the estimated difference between the bilinguals’ smooth surfaces and the monolinguals’ smooth surfaces for the interaction of cross-
linguistic Tonal Similarity (horizontal axis) and trial order (vertical axis) with contours for standard errors, split by blocks (left: 1st block,
right: 2nd block) and target dialects (top: JM, bottom: SC). (2) Right panel: estimated difference curves between bilinguals’ and mono-
linguals’ smooths, depicted for the beginning trials (scaled trial order =−1.5, split in the same way as for the left panel). Warmer colour
represents longer RT and values are marked on the isolines.
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Figure 6. (1) Middle panel: (repeats right panel of Figure 4, but with sample slices for final trials marked). The four subplots show the
estimated difference between bilinguals’ and monolinguals’ smooth surfaces for the interaction of cross-linguistic Tonal Similarity (hori-
zontal axis) and trial order (vertical axis) with contours for standard errors, split by blocks (left: 1st block, right: 2nd block) and the target
dialects (top: JM, bottom: SC). (2) Left panel: estimated difference curves between bilinguals’ and monolinguals’ smooths in the first
block, depicting the final trials (scaled trial order = 1.5, top subplot for JM, bottom subplot for SC). (3) Right panel: estimated difference
curves between bilinguals’ and monolinguals’ smooths in second block, depicting the final trials (scaled trial order = 1.5, top subplot for
JM, bottom subplot for SC). Warmer colour represents longer RT and values are marked on the isolines.

Figure 7. (1) Shadowed panel: (repeats the left panel of Figure 4): the four subplots show bilinguals’ partial effects for the interaction of
cross-linguistic Tonal Similarity (horizontal axis) and trial order (vertical axis), in first (left) and second (right) blocks, in JM (top) and SC
(bottom). (2) Top panel: estimated difference between SC and JM smooth surfaces for the interaction of cross-linguistic Tonal Similarity
(horizontal axis) and trial order (vertical axis) with contours for standard errors, split by blocks (left: 1st block, right: 2nd block), showing
the influence of Target Dialect. (3) Left panel: estimated difference between smooth surfaces of 1st and 2nd blocks for the interaction of
cross-linguistic Tonal Similarity (horizontal axis) and trial order (vertical axis) with contours for standard errors, split by target dialects
(top-JM, bottom-SC), showing the influence of Block. Warmer colour represents longer RT and values are marked on the isolines.
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However, no causal relationship should be inferred here.
Instead, this effect is probably due to other lexical- and
task- inherent factors, such as the increased recurrence
of tonal patterns in the stimuli with higher cross-linguis-
tic Tonal Similarity (as shown in Analysis 1).

After the monolinguals’ partial effect was subtracted
from the bilinguals’, as shown in the right panel of
Figure 4, the design-pertinent effect of cross-linguistic
Tonal Similarity emerged. The effect of cross-linguistic
Tonal Similarity was consistently facilitatory at the begin-
ning. However, the effect gradually started to diverge in
later trials.10 In the following sections, based on the
adjusted depiction in the right panel of Figure 4, we
first describe the effect of Tonal Similarity by the tonal
bilingual group in the processing of trials, and then
move on to its interaction with the other predictors,
such as Trial Order, Target Dialect, and Block.

5.4. Cross-linguistic tonal similarity facilitated
lexical decision in the beginning trials

As depicted in the right panel of Figure 5, for the very
early trials, the adjusted RTs decreased with the increase
of Tonal Similarity. Thus, both target dialects in both
blocks showed facilitatory effects of cross-linguistic simi-
larity on lexical decision in the beginning trials.

The effect of Tonal Similarity was almost linear in the
beginning trials under most conditions, except when
tested in SC and in the second block (after switching).
Under this condition, responses to the stimuli within
the lower range of Tonal Similarity showed great sensi-
tivity to Tonal Similarity, while responses to the stimuli
within the higher range of Tonal Similarity were much
faster, although the sensitivity to Tonal Similarity was
reduced.

5.5. Diverging effects of cross-linguistic tonal
similarity in the final trials

In later trials, cross-linguistic Tonal Similarity started to
show complex interactions with target dialects and the
influence of language switching emerged. (All the bilin-
guals experienced general switching when they listened
to one dialect in the first block and switched to the other
dialect in the second block). The slice plots are shown in
Figure 6.

5.5.1. Interference of cross-linguistic tonal similarity
with lexical decision in final trials before switching
Deviating from the beginning trials (as shown in Figure
5), as the tonal bilinguals approached the final trials of
the block, the effect of cross-linguistic Tonal Similarity
was reversed before the target dialect was switched. As

depicted in the left panels of Figure 6, in the first block,
the adjusted Reaction Times increased with the increase
of Tonal Similarity, disregarding whether or not the
target dialect was JM or SC.

5.5.2. Disappearance of sensitivity to tonal
similarity in non-dominant dialect after switching
As shown in the top-right panel of Figure 6, which
deviated from all the other panels, the adjusted Reaction
Times did not change with an increase of Tonal Similarity.
Thus, the Tonal Similarity effect, whether facilitating or
interfering, disappeared after the target dialect was
switched into the non-dominant dialect (i.e. JM).

5.5.3. Emergence of discontinuous effect of tonal
similarity in the dominant dialect after switching
As depicted in the lower right panel of Figure 6, in the
final trials (and also the non-initial trials) of the second
block, when the target dialect was the dominant
dialect SC, Tonal Similarity affected the adjusted Reaction
Times in a non-linear way. Regarding the stimuli with
relatively lower Tonal Similarity, the adjusted Reaction
Times decreased with an increase of Tonal Similarity,
showing a dominance of similarity-based facilitation.
However, regarding the stimuli with relatively higher
Tonal Similarity, the adjusted Reaction Times increased
with an increase of Tonal Similarity, showing a domi-
nance of similarity-based interference. In short, as the
target dialect is switched, a discontinuous effect of
Tonal Similarity emerged in the dominant dialect.

5.6. The effect of language dominance and
language switching

We subtracted the surfaces of effects across different
conditions to reveal the influence of Target Dialect and
Block, as shown in Figure 7. The effect of Target Dialect
revealed the influence of language dominance and the
effect of Block revealed the influence of language
switching.

5.6.1. Discontinuous language dominance effect
The top row of Figure 7 depicts the difference surfaces
between the dominant dialect SC and the non-dominant
dialect JM in the two blocks. The patterns differ greatly
between blocks.

Tested in the first block (shown in the top left subplot
of Figure 7), the dominant dialect SC did not differ much
from the non-dominant dialect JM. Tested in the second
block (shown in the top-right subplot of Figure 7), the
dominant dialect SC yielded shorter RTs to most of the
stimuli compared with the non-dominant dialect JM,
revealing a relatively robust language dominance
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effect. However, this effect did not apply to the least and
most similar ETEs. Moreover, Trial Order did influence
how the dominant dialect SC differed from the non-
dominant dialect JM in RTs: the advantages of SC were
greater in the later trials than in the earlier trials.

5.6.2. Task familiarisation and discontinuous
language switching effect
The left column of Figure 7 depicts the difference sur-
faces between the second and first block in JM and SC.
In the second block, the bilinguals responded more
quickly to the beginning trials than in the first block
(without switching), revealing that they were benefiting
from the increased familiarity of the task.

Nevertheless, in later trials, a discontinuous language
switching effect emerged, which also interacted with the
Target Dialect. Switching into the non-dominant dialect
JM generally had little influence on the RTs. However,
switching to the dominant dialect SC, the bilinguals
responded more quickly to most ETEs, although the
responses to the least and most similar ETEs were less
facilitated.

6. Discussion

Results of the analyses shed light on the four above-men-
tioned research questions: (1) whether a pair of segmen-
tally identical and ETEs share a single word-form
representation, (2) what role cross-linguistic tonal simi-
larity plays at the pre-lexical and lexical stages of bilin-
gual lexical processing, (3) how the language mode
influences the bilinguals’ sensitivity to tonal similarity,
and (4) whether bilinguals have lexical disadvantage in
auditory lexical retrieval of ETEs compared with
monolinguals.

6.1. Segmentally identical ETEs are specified with
separated word-form representations

Most word forms from the dominant dialect SC were
recognised more quickly than their counterparts from
the non-dominant dialect JM in the second block (as
shown by the parametric coefficient of bilingual-SC-
2nd in Table 2 and the estimated surface of difference
in the top right panel of Figure 7). These results show a
language dominance effect. Since one common word-
form representation could not carry two different relative
frequencies (Van Heuven et al., 1998), this finding sup-
ports the view that SC and JM ETEs (segmentally identical
but varying in tonal similarity) are specified with separ-
ated lexical representations.11 It is consistent with the
role of lexical tone in monolingual (Malins & Joanisse,

2010, 2012) and bilingual lexical representation (Wu
et al., 2017; Zhang et al., 2012).

All the pairs of ETEs are orthographically identical in
the present study. Earlier visual studies suggested that
orthographically identical ETEs share one common
lexical representation, both orthographically and phono-
logically (Dijkstra et al., 2010). Our finding of language
dominance effects in auditory lexical recognition seems
inconsistent with this claim. This inconsistency,
however, may be attributed to several factors, such as
the disputable activation of orthography during auditory
lexical processing (Damian & Bowers, 2010; Seidenberg &
Tanenhaus, 1979), and more importantly the involve-
ment of tones in distinguishing lexical representations.

6.2. Dynamic role of cross-linguistic tonal
similarity at the pre-lexical and lexical stages

6.2.1. Tonal similarity dynamically interacts with
language dominance effect
The above-mentioned bilinguals’ language dominance
effect interacts dynamically with language mode and
tonal similarity.

On the one hand, the language dominance effect was
very subtle in the first block (pre-switching) but saliently
emerged in the second block (post-switching). The
monolingual versus bilingual language mode (Canseco-
Gonzalez et al., 2010; Grosjean, 1998, 2001) may have
played an important role here: the bilinguals become
more sensitive to the relative frequencies of ETEs when
they notice the bilingual situation.

On the other hand, the language dominance effect,
after emerging in the second block, appeared to interact
with cross-linguistic tonal similarity in a non-linear way.
Presuming separate form representations for these
ETEs (see the reasoning in 6.1), to explain the non-linear-
ity, it may be more reasonable to hypothesise that the
bilinguals’ sensitivity to the relative frequencies of ETEs
can be modulated in the auditory modality, via the inter-
action of the pre-lexical and lexical mechanisms, as will
be discussed in more detail in the following section.

6.2.2. Dynamics of pre-lexical and lexical
mechanisms
The present study found both facilitatory and interfering
effects for tonal similarity in auditory lexical decision task,
and it also found that tonal similarity influenced the reac-
tion times in a non-linear way. This complex variability in
the response pattern is unlikely to be the result of a
single mechanism. Instead, the observed processing
cost, as a function of tonal similarity, is probably the
result of the combined influence from the pre-lexical
and lexical stages.
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As noted in the introduction, the observed reaction
times reflect the combination of pre-lexical and lexical
processing costs, as demonstrated in Figure 1.12 The
facilitatory effect mainly reflects the short-lived pre-
lexical mechanism based on shared phonological rep-
resentations (Wu et al., 2017), while the interfering
effect mainly reflects the lexical mechanism based on
the accumulative lexical-level competition (Dijkstra &
Van Heuven, 2002).

Similarity-based facilitation was found across all the
conditions in the beginning trials. The pattern shown in
Figure 5 is consistent with the facilitation-dominant
pattern as shown in Figure 1 (1st panel). In order for
the observed effect to be facilitation-dominant, the
pre-lexical processing, compared to lexical processing,
should be more sensitive to phonological similarity. In
other words, the pre-lexical facilitating mechanism is
dominant at the beginning of each block. Also, the acti-
vation of viable competing word forms from the non-
target dialect is limited at the beginning of each block,
allowing the pre-lexical facilitation to surface.

With the progress of the experiment, however, simi-
larity-based interference emerges. As shown in the left
panels of Figure 6, in the first block (pre-switching), the
influence of tonal similarity gradually changed from
facilitation to interference, regardless of the language
of operation. At the end of the block, reaction times
increased with tonal similarity. This is consistent with
the interference-dominant pattern as shown in Figure 1
(2nd panel). The interference-dominant observation
suggests that the lexical-level competition mechanism
is gradually taking control with the progress of the exper-
iment, and the activation of viable non-target word
forms is largely strengthened by the increase of tonal
similarity.

In the second block (post-switching), similarity-based
interference also emerged with the progress of the
experiment, which, however, only took control of the
more similar ETEs in SC (as shown in the bottom-right
panel of Figure 6). Since the language dominance
effects have provided evidence that all the ETEs are
stored as separated word-form representations, the
non-linear effect of tonal similarity on reaction times is
better attributed to a change of sensitivity to cross-lin-
guistic tonal similarity at the pre-lexical and lexical
stages, as shown in Figure 1 (4th panel). The increase of
cross-linguistic tonal similarity still strengthens pre-
lexical facilitation and lexical interference. However,
when pre-lexical and lexical costs are low, the influence
of cross-linguistic tonal similarity is reduced. Considering
that the reaction times under this condition were found
to be the shortest across all the conditions, the non-line-
arity is probably due to a floor effect of processing cost.

When switching to the non-dominant dialect JM in the
second block, nevertheless, the sensitivity to tonal simi-
larity seems to be gradually removed (as shown in the
top right panel of Figure 6). It is counter-intuitive that
the bilinguals behave more language-selective (Lagrou,
Hartsuiker, & Duyck, 2012, 2015) after switching to the
non-dominant dialect. Moreover, it is not necessary to
assume that the language-selectivity is modulated. An
alternative explanation is more consistent with the
general consensus that bilingual auditory lexical acti-
vation is language-non-selective in nature (Canseco-Gon-
zalez et al., 2010; Marian et al., 2003; Marian & Spivey,
2003; Spivey & Marian, 1999; Thierry & Wu, 2007; Weber
& Cutler, 2004). Assuming that both SC and JM word-
form representations are activated, when the lexical and
pre-lexical functions are both linear and can cancel each
other out, as shown as the linear equilibrium pattern in
Figure 1 (3rd panel), the function for the observed proces-
sing cost can be parallel to the horizontal axis, showing no
sensitivity to tonal similarity on the surface. Thus, tonal
similarity effect in the non-dominant dialect is actually
consistent with findings in the dominant dialect.

Taken together, cross-linguistic tonal similarity plays
two dynamic roles at the pre-lexical and lexical stages
of bilingual auditory lexical processing. The increase of
cross-linguistic tonal similarity facilitates the pre-lexical
processing but interferes with the lexical processing.
Both effects are modulated by the progress of the exper-
iment. In the beginning trials, the pre-lexical facilitation
mechanism dominates. With the progress of experiment,
the cross-linguistic lexical-level competition mechanism
is gradually strengthened. However, the way it strength-
ens diverges under the influence of language mode and
language dominance. In the first block (pre-switching),
the lexical-level competition mechanism takes over and
hence the observed tonal similarity effect turned into
interference. Nevertheless, in the second block (post-
switching), probably due to attentional inhibition, the
lexical-level competition mechanism never overwhelms
the pre-lexical facilitation mechanism. Instead, the two
mechanisms gradually reach an equilibrium. When
switching into the non-dominant dialect, they cancel
each other and there appears to be a lack of sensitivity
to cross-linguistic tonal similarity. When switching into
the dominant dialect, a floor effect introduces additional
non-linearity.

Note that due to the limitation of reaction time as a
measurement to tap into the lexical and pre-lexical
stage of processing, we believe that further research
should employ techniques with better time-resolution,
such as ERP and EMG, to confirm our findings and
provide more direct evidence on the dynamics of pre-
lexical and lexical processing.
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6.3. The role of language mode across blocks

The differences between the first and second block
across different language modes seem to be related to
the bilinguals’ general control of attention (Canseco-
Gonzalez et al., 2010; Grosjean, 1998, 2001). In the
current study, the participants first came across a mono-
lingual list and then switched to the other language.
Possibly, the bilinguals’ attention was first directed to
the first-encountered language alone and, when the
language of operation changed, the bilinguals noticed
that they were in a bilingual situation. While the cross-lin-
guistic lexical-level competition mechanism finally took
control before switching, it reached an equilibrium with
the pre-lexical facilitation after switching. This difference
suggests that a more bilingual mode can trigger tonal
bilinguals of closely related languages to better suppress
cross-linguistic lexical-level competition between the
word-form representations of ETEs.

As introduced in 1.1 and 1.2, previous studies found
that cross-linguistic phonological similarity either facili-
tated or interfered with bilingual auditory lexical proces-
sing, depending upon the specific context and task.
These previous findings are echoed by the current
results. Nevertheless, compared with an explanation
based on lexical representation, the current study has
shown that an explanation based on dynamic distri-
bution of attentional resources offers a more coherent
interpretation of the diverse similarity effects. Moreover,
it is shown for the first time that, with the same task, the
trial order also modulates cross-linguistic tonal similarity
effects possibly due the adjusted balance of lexical-level
competition and pre-lexical facilitation. This effect needs
further investigation in future studies. Nevertheless, con-
sidering that the change from facilitation to interference
is consistent across blocks and languages by bilinguals
(but not by monolingual who participated in the same
task), it is reasonable to claim that the effect is due to
tonal bilingualism instead of the set-up of the
experiment.

6.4. Bilingual auditory lexical advantage

Compared with the SC tonal monolinguals, the SC-JM
tonal bilinguals showed an unexpected bilingual lexical
advantage in auditory lexical recognition. The bilinguals’
reactions times were systematically shorter than the
monolinguals to the same SC stimuli after language
switching (as shown in the estimate of parametric coeffi-
cients in Table 2). Also, even in the other conditions, the
bilinguals’ reaction times were not significantly slower
than the monolinguals’, confirming that no classical bilin-
gual lexical disadvantage was found.

Classical researches usually found bilingual lexical dis-
advantage (e.g. Bialystok, 2009). It was attributed to a
denser lexical neighbourhood and increased lexical-
level competition in the integrated bilingual lexicon
(Ransdell & Fischler, 1987). However, this view has
difficulty explaining the co-existence of the language
dominance effect and the bilingual lexical advantage in
the current study. The language dominance effect indi-
cates that SC and JM ETEs are stored as separated
word-form representations. Thus, the lexical neighbour-
hood of the same SC words should be denser for the
bilinguals than for the monolinguals. Nevertheless,
rather than showing bilingual lexical disadvantage, the
bilinguals responded more quickly to the SC words
than the SC monolinguals.

First, we propose that the bilingual lexical advantage
can be attributed to the emergence of a pre-lexical facili-
tation mechanism after language switching. It is impor-
tant to note that this unusual bilingual lexical
advantage was only found in the second block. As dis-
cussed in the previous section, the interaction between
tonal similarity and Block (language switching) suggests
that the switching of target dialect may suppress cross-
linguistic lexical-level competition. This may allow the
strengthened pre-lexical facilitation mechanism to
surface and provide the bilinguals some advantage in
lexical access compared with the monolinguals.

Second, the bilingual lexical advantage was only
found after switching to the dominant dialect SC but
not after switching to the non-dominant dialect JM.
This asymmetry is related but not directly comparable
to the asymmetrical cognate facilitation effects found
in earlier visual studies (e.g. Brenders et al., 2011; Van
Hell & Dijkstra, 2002). On the one hand, the difference
in the type of control (bilinguals’ responses to non-ETEs
vs. monolinguals’ responses to ETEs) and the type of
bilinguals (sequential vs. simultaneous) make the
current results not directly comparable to the earlier
findings. On the other hand, if what we found counts
as cognate facilitation, the cognate facilitation is stronger
on the dominant dialect SC, which is inconsistent with
the earlier findings where the cognate facilitation was
stronger on L2 (which is also non-dominant).

An alternative explanation is to attribute the asymme-
try to cross-linguistically asymmetrical phonemic acti-
vation at the pre-lexical stage. Regarding sequential
bilinguals, it is widely accepted that non-native pho-
nemes are perceptually assimilated to native categories
of phonemes (Best, 1995). Nevertheless, the way early
and highly-proficient bilinguals, such as the SC-JM bilin-
guals, process phonemes may be more flexible (Anto-
niou et al., 2012; Wu et al., 2017). It could be that the
representations of phonemes shared by SC and JM are
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more easily activated by the auditory input from the
dominant dialect SC than by the auditory input from
the non-dominant dialect JM, causing smaller pre-
lexical processing cost in SC than in JM. Moreover, in
order to reach high proficiency in both dialects, the bilin-
guals need to use the bilingual representations of pho-
nemes shared by SC and JM more frequently than the
monolinguals use the corresponding SC phonemic rep-
resentations. Thus, it is reasonable to speculate that the
SC-JM bilinguals activate their shared representations
of phonemes faster than the SC monolinguals activate
their corresponding SC phonemes, hence showing asym-
metrical bilingual lexical advantage.

It can be noted that the SC-JM bilingual lexicon is
different from most previously studied cases of bilingual-
ism, in that it is dominated by orthographically and seg-
mentally identical ETEs. In other words, the SC-JM
equivalents are more similar, especially phonologically,
compared with previously studied ETEs. It is reasonable
that the pre-lexical facilitation mechanism plays a more
important role in the current case and provides the bilin-
guals some advantage in lexical access compared with
the monolinguals. This would explain why a bilingual
lexical advantage was rarely found in previous studies
on the lexical processing of ETEs but is prominent in
the current study.

High-order interactions and non-linearity were found
regarding the effect of phonological similarity, confi-
rming findings reported in previous studies on bilingual
language processing (Cutler et al., 2006; Dijkstra et al.,
1999; Dijkstra et al., 2010; Duyck et al., 2007; Lemhöfer
& Dijkstra, 2004; Marian & Spivey, 2003). Although the
adoption of GAM allows a relatively clearer interpretation
of this complex dataset, the interpretation remains
speculative and needs replication in future research.

7. Conclusion

The new findings of discontinuous language dominance
effects and bilingual lexical advantage by the SC-JM
tonal bilinguals remind us to pay more attention to the
type of the bilingual lexicon. A bilingual lexicon filled
with ETEs that are extremely phonologically similar,
only different in tone, may function differently from a
non-tonal bilingual lexicon dominated with etymologi-
cally unrelated ETEs.

The new findings of a nonlinear tonal similarity effect
and its interaction with the language of operation and
language-switching provide us with further insights
into the role of lexical tones in bilinguals’ lexical rep-
resentation and lexical access. The strengths of pre-
lexical facilitation and lexical-level competition may be
not only related to the similarity of the ETEs but also

dynamically modulated by the progress of the exper-
iment and the switching of language of operation.

Notes

1. Sometimes the term “interlingual” is used, such as by
Lemhöfer and Dijkstra (2004). We use the term “cross-lin-
guistic” instead, because “Interlingual” suggests that the
interlingua is involved, i.e. an in-between language that
combines properties of L1 and L2.

2. In some of the references the term “target language”was
used. To avoid the confusion with the target language of
language transfer, we use “language of operation” fol-
lowing Athanasopoulos et al.’s (2015) practice.

3. There are around 100 JM-specific words in total, and
many of these JM-specific words have alternatives
which are etymologically-related to their SC translation
equivalents.

4. However, SC is not equivalent to Beijing Mandarin,
because some of the morphological lexical variants and
specific words were not introduced into SC in the
standardization.

5. Since JM is not standardized, whether a tonal variant is
an incidental error or is a well-received variant is not
clear-cut and far from transparent. In the screening pro-
cedure, if a participant candidate produced unusual var-
iants more than three times, he or she would be
excluded from the experiment, because unusual variants
indicates that he/she either cannot distinguish JM from
SC or get confused (or possibly lied) about his/her
language background.

6. Both groups received comparable English education
common in the Chinese college curriculum, which is
not enough to sustain a fluent conversation with a
native English speaker.

7. The 10-JM dominant participants seem to show a
different pattern in reaction times. However, no contrast
was significant and we were not able to recruit enough
such participants.

8. The final model reported in the current study was fit in
Linux environment with a SWAP of 20 GB, taking
around 12 h.

9. The by-stimulus random smooth of cross-linguistic Tonal
Similarity was not included, because each stimulus only
has one Tonal Similarity value, which made this random
smooth meaningless. Main factors are sometimes
included in random terms because there is a reason to
believe that the interaction between the random factor
(such as “participant”) and the main factor (such as
“Group-TargetDial-Block”) also contributed significantly
to the participants’ responses. The result of model com-
parison supported this idea.

10. Note that the standard errors (dashed contours) in the
two JM surfaces of estimation were relatively large.
Thus this finding needs to be interpreted with caution.

11. An alternative explanation is that a pair of SC-JM ETEs
have the same lexical representation but differ in how
efficiently they activate that representation. However,
such difference probably would still depend on tone.
Under current theoretical frameworks (e.g. BIA+, Dijkstra
& Van Heuven, 2002), it would be more parsimonious to
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assume different lexical representations instead of intro-
ducing a new mechanism.

12. The current study did not specify the linearity of the
functions to avoid confusion about the relationship
between the hypothesized functions (linear or non-
linear functions) and the modeling procedure (smooth-
ing techniques).
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