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Abstract: Second language (L2) speakers often experience difficulties in learning
words with L2-specific phonemes due to the unfaithful lexical encoding predicted by
the fuzzy lexical representations hypothesis. Currently, there is limited understanding
of how allophonic variation in the first language (L1) influences L2 phonological and
lexical encoding. We report how the Mandarin Chinese L1 phonemic inventory and
allophonic variation subject to phonotactic constraints predict phonological encoding
problems for novel L2 English words with the /v/–/w/ contrast. L1 English and L1
Chinese participants speaking two varieties of Mandarin Chinese differing as to the
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presence of [ʋ]–[w] allophonic variation for the /w/ phoneme participated in a vocabu-
lary learning task. The novel L2 words with the /v/–/w/ contrast were systematically less
robustly encoded than the control words on the day of training and 24 hours later. The
degree of fuzziness in lexical representations was jointly predicted by L1 allophonic
variation subject to phonotactic constraints and L2 phonological categorization.

Keywords lexical encoding; nonnative listeners; phonological categorization; allo-
phonic variation; memory consolidation

Introduction

Spoken word recognition in a second language (L2) is not always successful
and effortless, with recent years witnessing a growing interest in understand-
ing how L2 spoken words are perceived, encoded, and accessed (e.g., Barrios &
Hayes-Harb, 2021; Cutler et al., 2006; Darcy et al., 2012, 2013; Escudero et al.,
2008, 2014; Llompart, 2021). Adult L2 learners are sensitive to the phonologi-
cal contrasts in their first language (L1), whereas they experience difficulties in
discriminating novel L2 contrasts (Best, 1995; Best & Tyler, 2007; Flege, 1995;
Flege & MacKay, 2004). For example, Japanese speakers show great difficul-
ties in the perception and production of English words with the /ɹ/–/l/ contrast
(Jamieson & Morosan, 1986; Logan et al., 1991), and Finnish speakers can
hardly discriminate the English /i/–/ɪ/ contrast (Ylinen et al., 2010). Although
numerous findings about reduced sensitivity to L2 phonological contrasts have
been reported, a remaining critical issue is how problems with phonological
categorization of L2 sounds impact L2 word perception, storage, and access.

According to the fuzzy lexical representations hypothesis, difficulties with
the phonological categorization of L2 contrasts may lead to imprecise or
low-resolution, or fuzzy, phonological encoding of L2 lexical representations
(referred to as phonolexical encoding) in the learners’ mental lexicon and
contribute to problems with L2 spoken word recognition (Bordag et al., 2022;
Cook & Gor, 2015; Cook et al., 2016; Gor & Cook, 2020; Gor et al., 2021).
Fuzziness in phonolexical encoding can lead to fuzzy form–meaning mappings
and lexical confusions: For example, light (/l/) and right (/ɹ/) may be poorly
differentiated by Japanese speakers. While the fuzzy lexical representations
hypothesis claims that L2 phonolexical encoding is generally effortful and
unfaithful because L2 phonetic cues do not match L1 phonetic cues, it also
predicts that the words with difficult L2 contrasts will have even less precise
(fuzzier) encoding that will be more resistant to improvement with additional
input (Gor et al., 2021).

Language Learning 00:0, April 2023, pp. 1–38 2

 14679922, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/lang.12581 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [05/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

The empirical evidence supporting this hypothesis comes from several
sources: lexical decision tasks or phonological and repetition priming exper-
iments (Cook & Gor, 2015; Darcy et al., 2012, 2013; Gor & Cook, 2020; Pal-
lier et al., 2001), visual-world eye-tracking experiments (Cutler et al., 2006;
Weber & Cutler, 2004), and (pseudo-)semantic priming (Cook et al., 2016).
The most relevant findings for the present study come from vocabulary and
lexical training experiments, which explore the learning of novel L2 words
with problematic phonological contrasts (Escudero et al., 2008, 2014).

Whereas there is considerable experimental support for the fuzziness at dif-
ferent levels of lexical representation in novel L2 word learning, little is known
about how L1 allophonic variation may influence L2 phonological and, particu-
larly, lexical encoding (Barrios et al., 2016; Eckman et al., 2003; López Velarde
& Simonet, 2020; Shea, 2014). Against this background, the current study ex-
plores how L1 Mandarin Chinese speakers with English as their L2 learn novel
English-like /v/- and /w/-initial words after a short training period and again
after 24-hour consolidation. Crucially, these L1 Mandarin Chinese (hereafter
Chinese) speakers differ in whether they produce /w/ with allophonic variation
([ʋ]–[w]) in their L1, therefore enabling a more comprehensive investigation
of the contributions of the L1 phonemic inventory to L2 phonolexical encod-
ing. The study tests the fuzzy lexical representations hypothesis (Gor et al.,
2021) by comparing the learning outcomes for the novel L2 words with easy
(/k/–/g/) and difficult (/v/–/w/) phonological contrasts immediately after lexi-
calization and after 24-hour consolidation. It extends the claims of the fuzzy
lexical representations hypothesis to complex L1–L2 phonological mapping
involving free allophonic variation in the L1.

Background Literature

One of the widely explored reasons for L2 learners’ less efficient L2 word
recognition is their perceptual problems: L2 learners have been reported to
experience difficulties in discriminating confusable L2-specific phonemic con-
trasts (Darcy et al., 2012, 2013; Eckman et al., 2003). The absence of percep-
tual sensitivity leads to unfaithful phonolexical encoding of the words stored
in the L2 mental lexicon and fuzzy L2 lexical representations (Gor et al.,
2021). For instance, Pallier et al. (2001) reported that Spanish-dominant but
not Catalan-dominant Spanish–Catalan bilinguals showed repetition priming
effects for minimal pairs containing Catalan-specific contrasts (/ɛ/–/e/, /o/–/ɔ/,
/s/–/z/). The results suggested that the Spanish-dominant bilinguals activated
both words in the minimal pair when given the L2 input, whereas the Catalan-
dominant speakers activated only the words presented in the input. Using the
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eye-tracking visual-world paradigm, Weber and Cutler (2004) explored real-
time lexical competition in L1-Dutch L2-English learners with the English-
specific contrast /ɛ/–/æ/. The authors found that when given the auditory in-
struction to click on the picture of panda (phoneme /æ/), L1 Dutch speakers
fixated longer on the picture of pencil (phoneme /ɛ/) than on less confusable
distracters. Not only did English speakers show no such fixation differences,
but the L2 confusability was also unidirectional: When given pencil as the tar-
get, panda was not more confusable than other distracters. Cutler et al. (2006)
also reported similar patterns of asymmetry with L1 Japanese speakers who
encountered perceptual and articulatory difficulties with the English /ɹ/–/l/ con-
trast. These observed asymmetries are often associated with situations where
two L2 phonemes are mapped onto one L1 category with differing degrees
of similarity (cf. the perceptual assimilation model; Best, 1995; Best & Tyler,
2007). The more familiar L2 category (i.e., the dominant category) is typi-
cally thought to be more robustly encoded than the other (i.e., the nondominant
category).

Concerning the locus of learners’ difficulty, Darcy et al. (2012, 2013) re-
ported learners’ successful phonetic categorization (AXB discrimination) of
L2 contrasts together with their nonnative-like repetition priming effects in a
lexical decision task and their nonnative-like asymmetric patterns of lexical ac-
cess in an auditory lexical decision task. Based on the observed disassociation
between phonetic categorization and lexical encoding, the authors suggested
that the problems experienced by L2 speakers in auditory word recognition
stemmed from phonolexical encoding in addition to phonetic discrimination
and categorization. Using an auditory lexical decision task to locate learners’
difficulty, Barrios and Hayes-Harb (2021) observed contrastive accuracy pat-
terns for the English /l/–/ɹ/ contrast (e.g., “[l]ecture,” “[ɹ]ecture”). Native En-
glish speakers showed highly accurate and symmetric classification for words
and pseudowords (interpreted as indicative of precise perceptual and lexical
encoding), Chinese L2 learners exhibited higher accuracy for [l] words and [l]
pseudowords (interpreted as perceptual coding difficulty), and the Korean L2
learners exhibited more accurate performance for [l] for words and [ɹ] for pseu-
dowords (interpreted as lexical encoding difficulty). In fact, recent years have
seen increased attention to how various patterns should be interpreted with re-
spect to the sources of observed asymmetries, as this may well vary depending
on the task used, the stimuli chosen, and the relationships between participants’
languages (Barrios & Hayes-Harb, 2021; Cutler et al., 2006; Llompart, 2021).

L2 vocabulary training experiments offer opportunities to control the prop-
erties of the materials and the learning conditions (e.g., audio only, combining
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pictures and sounds) in order to investigate different aspects of phonolexical
encoding of new words (Bürki et al., 2019; Escudero et al., 2008, 2014). For ex-
ample, Escudero et al. (2008) attempted to replicate the previous eye-tracking
studies (e.g., Weber & Cutler, 2004) with novel L2 (pseudo)words. Dutch
learners of English were instructed to learn pseudowords containing the per-
ceptually difficult English /ɛ/–/æ/ contrast that were accompanied by images of
novel objects. Subsequently, the learner group that received only auditory input
confused /ɛ/- and /æ/-pseudowords symmetrically, whereas the group receiving
the auditory input together with the spelled forms (e.g., [tɛnzə], “tenzer”) dis-
played a similar asymmetric pattern to that seen in earlier studies (e.g., Cutler
et al., 2006; Weber & Cutler, 2004). The observed asymmetry was viewed as
evidence that learners were building separate lexical representations for the
words that included the difficult L2 contrast, and explicit information (ortho-
graphic input) was suggested to be necessary, with the auditory-only input be-
ing insufficient. Later studies on the role of orthographic input (Bürki et al.,
2019; Escudero et al., 2014) further demonstrated that orthography supported
lexical encoding when it was systematically consistent with the sound shapes
of words. Hence, congruent orthography for the dominant phonological cate-
gory in the L1 may support the development of a corresponding dominant L2
phonological category.

Vocabulary training studies in the L1 and L2 share a set of methodological
challenges regarding the choice of properties for the words in the training set.
Indeed, in addition to their form, auditory or visual, real words have a mean-
ing, and researchers in each study must decide whether the meaning will be
engaged (cf. Gaskell & Dumay, 2003, who trained only the orthographic form
of novel L1 words), whether the meaning will be novel, and how it will be intro-
duced (e.g., via pictures or by using definitions or translations). Each method-
ological choice has its advantages and disadvantages; criticism has been raised
about the use of pseudowords associated with nonobjects (e.g., as in Escudero
et al., 2008, 2014) on the grounds that when a novel lexical representation in-
cludes a concept that has not been previously encountered, and especially if the
nonobject cannot be easily categorized (i.e., as an animal, a tool, etc.), its lex-
ical encoding becomes more effortful and less reliable (Havas et al., 2018). In
the present study, we opted for the use of pseudowords matched with pictures
of low-frequency real objects in order to avoid the potential noise generated by
the difficulties associated with encoding the meanings of pseudowords.

Additionally, delayed posttests are less common than immediate ones in
the literature (but see Lindsay & Gaskell, 2013; Liu & Wiener, 2020), al-
though there is a clear need to explore the consolidation of initially formed
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phonolexical representations in vocabulary training studies. Indeed, accord-
ing to the complementary learning systems account (Gaskell & Dumay, 2003;
Lindsay & Gaskell, 2013; McClelland et al., 1995), newly acquired words
are processed in two learning systems. The first is responsible for the fast
storage of episodic representations and their encoding into lexical represen-
tations intended for long-term storage. The other, slower system receives the
encoded lexical representations and integrates them within the existing lexical
networks. The process of integration of the newly encoded lexical represen-
tations into the mental lexicon (i.e., lexical consolidation) takes place over an
extended period of time (Dumay & Gaskell, 2007; Gaskell & Dumay, 2003;
Lindsay & Gaskell, 2013; Tamminen et al., 2017), and in lexical training stud-
ies, lexical consolidation is usually observed after 24 hours (Dumay & Gaskell,
2007; Tamminen et al., 2017). The present study therefore makes use of a de-
layed test to examine learners’ phonological encoding of the contrasts of inter-
est after 24-hour consolidation, in order to further test the fuzzy lexical repre-
sentations hypothesis: Initial fuzziness may resist further encoding and make
it more difficult for consolidation to take place.

To summarize, previous studies exploring phonolexical encoding in L2
word learning and processing have demonstrated that difficulty with the pre-
cise perceptual coding of L2 phonological contrasts contributes to the prob-
lems with the phonological encoding and subsequent retrieval of new lexical
items, that is, fuzzy lexical representations. They have demonstrated asymme-
tries in performance that may reflect the precision with which dominant and
nondominant members of a contrast are lexically encoded. Furthermore, the
relationships between learners’ languages, the use of words or pseudowords,
and the consistency of orthographic encoding in either the L1 or L2 may be
important variables influencing successful lexicalization.

Whereas previous findings support the role played by the L1 phonologi-
cal category that is phonetically similar to its L2 counterpart in establishing a
L2 dominant category, not much has been done on a learning scenario with a
particularly high degree of difficulty, that involving an allophonic split, where
the learners’ L1 has both phones but lacks the phonological contrast, that is,
separate phonemes in the L2 are allophones of the same phoneme in the L1
(Eckman et al., 2003; López Velarde & Simonet, 2020). Moreover, little is
known about whether L1 phonotactic rules can constrain the learning patterns
for problematic L2 contrasts (see, however, Weber & Cutler, 2006, a study
demonstrating the role of L1 phonotactics in the segmenting of continuous
speech in the L2); this study aims to explore this novel issue under the allo-
phonic split learning scenario in order to investigate the role of L1 phonology,
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allophony, phonotactics, and memory consolidation in the phonolexical encod-
ing of novel words with problematic L2 contrasts. It tests the predictions of the
fuzzy lexical representations hypothesis that novel word learning will be less
successful for the words with a difficult L2 phonemic contrast, as evidenced in
the novel word recognition task, even when the participants show sensitivity to
this contrast in the phonetic categorization task. Furthermore, the study eval-
uates whether free L1 allophonic variation and phonotactic constraints on the
variation create additional problems with the encoding of the already difficult
L2 contrast.

The Present Study

The present vocabulary training study focuses on the English phonemic con-
trast /v/–/w/ and explores the perceptual discrimination and lexical encoding
patterns pertaining to this contrast demonstrated by L1-Chinese L2-English
learners (hereafter Chinese L2 learners) speaking two varieties of Chinese.
Specifically, the existence of a historically region-based difference in pronunci-
ation in Chinese makes it possible to compare the speakers of a one-allophone
([w]-only) versus a two-allophone ([ʋ]–[w]-mixed) variety of Chinese rather
than comparing speakers of two different L1s, who may differ on multiple
dimensions.

English /v/–/w/ is considered a novel L2 contrast for Chinese native speak-
ers: There is only the phoneme /w/ and a corresponding written “w” in pinyin,
the pronunciation-based orthography for Chinese people in Mainland China.
Meanwhile, in one variety of Chinese, /w/ is consistently pronounced as [w],
whereas in another, /w/ can be pronounced as a labiodental approximant [ʋ]
and a labiovelar approximant [w] interchangeably, that is, [ʋ] and [w] are in free
allophonic variation and both represent the phoneme /w/ in Chinese (Wiener
& Shih, 2013). Due to the mobility of the population and the role of nation-
wide media (Wang, 2007), strict regional criteria historically available for the
categorization of Chinese [ʋ]–[w] use are now less accurate; accordingly, we
describe our learners in this study based on their actual [ʋ]–[w] production.
Phonetically, the Chinese [ʋ] is close to the English /v/, and the [w] in Chinese
is almost the same as the English /w/ (see Wiener & Shih, 2013). This consti-
tutes a scenario of an allophonic split, in which difficulties in perceiving the L2
contrast have been reported mostly for allophonic variation in complementary
distribution (Barrios et al., 2016; Eckman et al., 2003; Shea, 2014) and, rarely,
in free variation (López Velarde & Simonet, 2020).

More crucially, the interchangeable use of [w] and [ʋ] is disallowed be-
fore high back vowels /ɔ/ and /u/: No native speaker of Chinese will accept

7 Language Learning 00:0, April 2023, pp. 1–38

 14679922, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/lang.12581 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [05/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

the pronunciation of [ʋɔ]/[ʋu] instead of [wɔ]/[wu]; [wɔ] and [wu] are in fact
not in free variation within the [ʋ]–[w] two-allophone L1 variety (Wang, 2007;
Wiener & Shih, 2013). On this basis, the current study is novel in testing how
free allophonic variation in the L1 modulates L2 phonolexical encoding under
different scenarios: when it is unconstrained by the vowel context in the L1
and when it is disallowed before particular L1 vowels (i.e., [wɔ] and [wu]).
Although no clear predictions about the role of L1 phonotactics can be de-
rived from the literature, we hypothesize that unconstrained free variation in
the L1 may further impede L2 phonolexical encoding, and any L1 phonotactic
constraints will modulate the transferability of the pattern of free allophonic
variation from the L1 to the L2.

Additionally, orthographic support is believed to promote phonolexical en-
coding only when consistent phoneme–grapheme mappings are available (Es-
cudero et al., 2008, 2014). While this study does not explore the role of or-
thography in the L2, the pinyin orthography “w” for the phoneme /w/ supports
[w] as the dominant allophone of the phoneme /w/ in the L1, and this may
contribute to the dominant status of the corresponding L2 phoneme /w/ in the
/v/–/w/ contrast. Furthermore, the [ʋ]–/w/–“w” phoneme–grapheme mismatch
at the subphonemic level may make the L2 contrast more difficult to perceive
and lexicalize for the Chinese speakers of the [ʋ]–[w] variety.

The current study uses an auditory-only novel vocabulary training
paradigm including a posttest and a delayed posttest to measure the accu-
racy and the processing speed of L2 lexicalization. The research also includes
the results of an AX discrimination task (accuracy and processing speed) to
demonstrate L2 phonological categorization, as well as a read-aloud task in
Chinese to determine the use of [w] or [ʋ]/[w] in learners’ L1 Chinese produc-
tion (i.e., L1 [ʋ]–[w] preference). By teasing apart the effects of phonological
categorization and lexicalization, the study will establish whether the locus of
fuzziness in phonolexical representations is at the perception or lexicalization
level (or both). By accounting for the phonotactic and allophonic patterns in
the L1, the study will single out the role of the allophonic split in shaping
the patterns of phonological categorization and lexicalization in the L2. The
following research questions are addressed:

1. To what extent is the English /v/–/w/ contrast auditorily confusable for
Chinese L2 learners of English?

2. In learning novel English “words” containing English /v/ and /w/
phonemes, to what extent do Chinese L2 learners experience difficulty in
the encoding and lexicalization of the /v/–/w/ contrast, leading to fuzzy
lexical representations?

Language Learning 00:0, April 2023, pp. 1–38 8
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3. To what extent does the presence of L1 [ʋ]–[w] free allophonic variation
influence Chinese L2 learners’ ability to perceive and lexically encode
the English /v/–/w/ contrast, and what role is played by L1 phonotactic
constraints on this variation?

4. During a 24-hour consolidation period, does consolidation take place for
fuzzy L2 lexical representations to the same extent as for the novel words
with robust phonolexical encoding?

Specifically, L2 learners’ lower accuracy rates and higher reaction times
(RTs) in the AX discrimination task for the /v/–/w/ contrast compared to the
control contrast will demonstrate L2 /v/–/w/ discrimination difficulties (Re-
search Question 1). Learners’ lower accuracy and higher RTs in recognizing
the words involving the /v/–/w/ contrast on the posttest will support the in-
creased level of L2 lexical encoding difficulties (Research Question 2). Re-
garding Research Question 3, lower accuracy and higher RTs are expected for
the /v/–/w/ contrast in the AX discrimination task and the posttest and delayed
posttest for Chinese speakers of the [ʋ]–[w] two-allophone variety compared
to the [w]-only one-allophone variety; it is further predicted that test stimuli
involving the L1–L2 congruent phonotactic constraint (i.e., unconstrained free
variation) will be more difficult to lexicalize than the others. Lastly, novel L2
words with the /v/–/w/ contrast are expected to be less robustly encoded than
the control words for Chinese L2 learners after 24-hour consolidation (Re-
search Question 4).

Method

Participants
The participants were undergraduate or graduate students recruited from a pub-
lic university in the United States. They included 25 native speakers of English
(Mage = 19.80 years, 95% CI [19.38, 20.22]) and 51 Chinese L2 learners of En-
glish (Mage = 23.72 years, 95% CI [22.80, 24.64]). The Chinese L2 learners’
self-reported English proficiency corresponded to the university’s international
student admission requirement (minimum TOEFL scores: speaking, 22; listen-
ing, 24; reading, 26; writing, 24), indicating that these learners were advanced-
level L2 learners. The 51 Chinese L2 learners came from different regions in
China, showing variability in their [ʋ]–[w] preference in the read-aloud task
(26 [w]-only, 25 [ʋ]–[w]-mixed). Experience related to language learning was
carefully screened (see Appendix S1 and S2 in the Supporting Information
online for the background questionnaire and the inclusion criteria, respec-
tively). All the participants were right-handed, which ensured that the potential
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preference for the right or left response key was controlled. All participants
signed an informed consent form and were paid for participating in the study.

Materials
The materials used in this study are publicly available via OSF at https://osf.io/
un9m7. The target contrast for this study is English /v/–/w/, with /k/–/g/ chosen
as the control contrast, that is, the baseline reference for the target–control
comparison. Standard Mandarin has no underlying voiced stops (e.g., /g/), and
the L1 phonemic contrast is actually /kh/–/k/. However, the unaspirated /k/ is
treated as “g” in pinyin romanization (and /kh/ as “k”), thereby codifying /kh/
and /k/ as separate phonemes (Duanmu, 2007).

Auditory Training and Posttest Materials
Two male and two female native speakers of the same American English va-
riety each recorded a list of 24 disyllabic English pseudowords containing L2
target and control contrasts conforming to English phonotactic constraints (see
Table 1, List A). We matched all pseudowords on phonological neighborhood
density using the Irvine Phonotactic Online Dictionary (IPhOD) calculator
(Vaden et al., 2009; see Appendix S3 in the Supporting Information online
for details).

The contrasts /v/–/w/ and /k/–/g/ occurred in the word-initial position to
match the phonotactic rules of Chinese that allow these consonants only in
the word-initial position. Six familiar vowels that represent separate phonemes
in Chinese were used in the second position in order to create three L1–L2
phonotactic conditions in relation to the preceding consonants /v/ and /w/: con-
gruent, incongruent, and new conditions (see Table 1, Target). Specifically, in
the congruent condition, the consonant–vowel combinations follow the phono-
tactic rules in L1 Chinese, whereas in the incongruent condition, two of the
four combinations violate the L1 rules (in Chinese, /wɔ/ and /wu/ are allowed,
whereas [ʋɔ] and [ʋu] violate the rules). The target new condition does not
occur in L1 Chinese for either [w] or [ʋ]. Each of the six pairs of target pseu-
dowords was paired with control pseudowords using the same vowel context.
Since the incongruent condition is relevant only for the /v/–/w/ contrast, the
/k/–/g/ contrast occurred only in two conditions: /kaɪ/–/gaɪ/, /keɪ/–/geɪ/, and
/ku/–/gu/ (congruent); /kɔ/–/gɔ/, /ke/–/ge/, and /ki/–/gi/ (new).

Auditory Posttest-Only Materials: The Lures
We created another list of pseudowords, or lures, for use in the posttest and
delayed posttest (see Table 1, List B). These were recorded by the same native
speakers of American English. The lures were identical to the pseudowords
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created for the training (Table 1, List A), with only one exception: The word-
initial consonants were switched with their pairs in the contrast (e.g., for the
pseudowords /waɪrən/ and /vaɪdəm/ in training, the corresponding lures are
/vaɪrən/ and /waɪdəm/). These lures worked as potential “competitors” to the
pseudowords that participants were required to learn (Table 1, List A), our aim
being to establish whether (a) participants could discriminate the lures from the
pseudowords they had learned; and (b) there was an asymmetric competition
effect from one stimuli category to another, but not in the opposite direction.

All the recordings were examined by native speakers of English to ensure
that production of consonants and vowels was accurate, and that the stimuli
in lists A and B sounded like real English words. In order to minimize the
individual speaker effect, including gender, in the training and exit test ses-
sions, we exposed participants to the pseudowords produced by one male and
one female native speaker randomly selected for each participant from the four
participating native speakers. During the posttest and delayed posttest, partici-
pants were presented with the stimuli produced by the other male and the other
female speaker (i.e., those whose stimuli had not been used in the training and
exit test sessions). The purpose of introducing new speakers was to eliminate
reliance on idiosyncratic pronunciation features and their later use as cues in
the posttests.

Visual Materials
Twenty-four line drawings of real objects were taken from the public domain
and were adjusted for visual salience by manipulating their brightness and con-
trast. These line drawings were associated with the 24 pseudowords in List A
(Table 1). To remove potential drawing-specific pairing bias (e.g., one auditory
stimulus is found to be easier or harder to associate with one specific picture
due to undetected or unknown reasons), all drawings were randomly paired
with the list of auditory stimuli for each participant. Each drawing was of a
real object named by an English noun of low frequency (see Appendix S4 and
S5 in the Supporting Information online for these line drawings and the related
noun frequency information, respectively). These choices made it possible to
rely on both form and meaning in learning novel words and avoid the unnec-
essary cognitive load associated with mapping the word form to nonexistent
objects or concepts.

Procedure
The study followed a posttest–delayed posttest design, with approximately 24
hours (min. = 22 hours, max. = 25 hours) between the posttest and delayed
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 1 Summary of the training and testing procedure.

posttest sessions. A summary of the training and testing protocol is provided in
Figure 1. Participants worked individually on a Dell computer. Line drawings
were presented on Dell P2217Hb/P2419H monitors, and the auditory stimuli
were presented over EarForce Z11 headphones. Participants were told that they
would learn 24 words of an English dialect that shared the pronunciation sys-
tem of English and that was passed down orally from generation to generation
with no specific spelling associated with the oral words. The “English dialect”
scenario was designed to reduce the learning load, since learning words from a
language that the participants already know is less challenging (e.g., Escudero
et al., 2008; Kroll & Sunderman, 2003). Participants were debriefed about the
made-up nature of the “English dialect” immediately after the completion of
the experiment so as to remove any misconceptions.

Pretest Working Memory Test
Working memory was used as a covariate in this study because previous re-
search has suggested that it can mitigate the outcomes of word learning as
a critical cognitive component (e.g., Masoura & Gathercole, 2005). A 5-min
digit-span task (Stone & Towse, 2015) with 81 trials was administered as a
pretest to assess the memory span of the participants. Participants’ accuracy
score (ML1 English = 60.89%, 95% CI [57.39, 64.40]; ML1 Chinese = 75.11%,
95% CI [72.46, 77.75]) was treated as a covariate in the later analyses (see
Appendix S6 in the Supporting Information online for details and related co-
variate discussions). The split-half test reliability was .76.

Pretest AX Discrimination Task
The second pretest was an AX discrimination task that tested whether the
target and control contrasts were auditorily confusable for Chinese L2 learn-
ers. The auditory stimuli were disyllabic “words” that conformed to English
phonotactic constraints and that either were identical or differed as to the
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

word-initial consonant: /v/ versus /w/, or /k/ versus /g/. As in the training and
testing materials, the vowels following these consonants were /aɪ/, /eɪ/, /ɔ/, /u/,
/e/, and /i/ (see Appendix S7 in the Supporting Information online for the AX
list). The materials were recorded by the same native speakers as those who
recorded the materials for the training and exit test sessions, and two different
voices were used for the two stimuli in each trial to elicit phonological catego-
rization (cf. Darcy et al., 2013). The test materials were presented via DMDX
(Forster & Forster, 2003): Participants heard two auditory stimuli in one trial
and were instructed to decide whether they were congruent by pressing the
right (“Yes”) or the left (“No”) shift key on the keyboard. A total of 48 trials
(24 matches, 24 mismatches) were presented in random orders for each partic-
ipant, and the presentation order for the AX pairs was counterbalanced. Eight
practice trials (with feedback) were given before the start of the task (with no
feedback). Items in two of the 48 trials turned out to be real words, and the
final analysis excluded these cases. Accuracy and RT data were collected by
DMDX. The test reliability was .82 (Cronbach’s alpha).

Training Session
The training session was composed of two subsessions: the initial training
session and the self-testing–feedback session. During the initial training
session, participants were presented with two sound icons together with the
meaning-associated line drawing in a self-running PowerPoint presentation
where the slides appeared at a predetermined speed. They were instructed to
click on both sound icons to listen to the pronunciation of the English “word”
produced by a male and a female native speaker. To facilitate memorization,
the 24 items appeared in different combinations: 24 one-by-one trials, 6
four-by-four trials, 6 eight-by-eight trials, and 1 all-in-one trial were presented
(see Figure 2 for examples).

The second session was a self-testing–feedback session to help participants
prepare for the following exit test, which has a pass rate accuracy requirement
of 90%. The 2 × 2 testing slides included two sound-playing icons for each
stimulus with four line drawings (one correct answer and three distracters).
Participants were instructed to click on the sound icons and select the picture
matching the “word” they had just heard (Figure 3, left), and feedback would
be given (Figure 3, right). A total of 24 trials were presented via PowerPoint.

Exit Test
After the training session, an exit test was conducted via DMDX (Forster &
Forster, 2003). Figure 4 illustrates the presentation sequence. Participants were
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Figure 2 Sample initial training slides: one-by-one trial (left), 24 all-in-one trial (right).

Figure 3 Sample self-testing-feedback session slides: self-testing (left), feedback
(right).

instructed to complete a match–mismatch task so we could verify their suc-
cessful learning of the pseudowords. For example, learners were instructed to
press “Yes” (right shift key) when they heard /waɪrən/ and saw its correspond-
ing line drawing in the training session, and to press “No” (left shift key) when
they saw an irrelevant line drawing (randomly selected from the remaining 23
out of the 24 line drawings). A total of 48 trials (24 matches, 24 mismatches)
including 4 practice trials were presented (see Figure 4). Specifically, all 48
audio stimuli (24 male, 24 female) used in the training session were randomly
assigned as either correct answers or distracters in the exit test, and each stim-
ulus appeared only once. Participants had to meet the 90% accuracy require-
ment in the exit test before proceeding to the posttest. Participants who failed
to meet this requirement (3 L1 Chinese [w]-only users; 3 L1 Chinese [ʋ]–[w]-
mixed users; 2 L1 English participants) had an additional chance to review the
training slides and a second chance to complete a differently randomized exit

15 Language Learning 00:0, April 2023, pp. 1–38
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Figure 4 Presentation sequence for visual and audio stimuli: practice trial and the ac-
tual test trial in the exit test and posttests.

test; if they were successful in scoring over 90% on this second attempt, they
proceeded to the posttests.

Posttest and Delayed Posttest
The purpose of the posttests was to examine if participants had accurately lex-
icalized the pseudowords they had learned by testing whether they could reject
the lures with switched word-initial consonants. The posttest and the delayed
posttest (a differently randomized version of the posttest) were also conducted
via DMDX (Forster & Forster, 2003). Between the two posttests, participants
had no additional training. The reliability of the posttest was .91 (Cronbach’s
alpha).

In the posttests, participants performed a similar match–mismatch task (see
Figure 4 for the presentation sequence): Participants would hear a “word” and
press “Yes” (right shift key) on the keyboard if the word they heard matched
the picture on the screen, and press “No” (left shift key) if it did not. Unlike
in the exit test, in the “Yes” condition, participants would hear the learned
pseudowords (Table 1, List A) produced by a “new” native speaker, whereas
for the “No” condition, they would hear the corresponding lures (Table 1, List
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B). Eight practice trials with feedback (see also Figure 4, top panel) preceded
the posttests with 96 trials (Figure 4, bottom panel). Importantly, participants
were warned that they would hear words that would sound very similar to the
words they had just learned, and that only the word-initial consonants would be
slightly different. This instruction was intended to focus participants’ attention
on the critical word segments, reduce their uncertainty about the criteria to use
in their decisions, and thereby increase their chances of a correct response. If
participants failed to give a correct response, this could be attributed to en-
coding problems rather than incorrect response strategies. Data on accuracy at
rejecting the lures and RTs were collected by DMDX.

After-Testing Phase: News Read-Aloud Task
All Chinese participants were asked to read five Chinese passages, edited ver-
sions of real news items published online, containing Chinese words with “w”
occurring in different phonotactic positions, that is, consonant-vowel combi-
nations (see Appendix S8 in the Supporting Information online for these pas-
sages). Recordings were coded by two native speakers of Chinese with prior
linguistic knowledge to document L1 speakers’ actual [ʋ] or [w] production.
Participants were categorized as either [w]-only (i.e., 26 consistently used only
[w]) or [ʋ]–[w]-mixed users (i.e., 25 interchangeably used [ʋ] and [w]; see
Appendix S9 in the Supporting Information online for detailed [ʋ]–[w] distri-
bution among participants). The two coders first coded two sample recordings
together to reach a consensus, and then each of them independently coded the
experiment recordings. The overall interrater reliability was 91.19%, and in
case of discrepancies, the raters discussed them and reached a final agreement.

Data Analysis

To address the research questions and to optimize model fit, we computed mul-
tilevel modeling with crossed random effects of participant and item (Baayen
et al., 2008) in the open-source statistical programming environment R (R Core
Team, 2018), using the lme4 package (Bates et al., 2015) with the BOBYQA
and the Nelder Mead optimization. We plotted predicted performance and in-
teraction effects using the sjPlot package (Lüdecke, 2020). Multilevel logistic
mixed-effects models were computed for accuracy analyses (1 = correct re-
sponses, 0 = incorrect responses), and multilevel mixed-effects models were
applied to RTs. Table 2 lists all independent variables and covariates examined
in the model-building procedure. Dummy coding was used for all categori-
cal variables; accordingly, model effects are simple effects. Centering within
clusters and centering at the grand mean were applied for different continuous
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

variables (see Table 2), as appropriate (see Appendix S10 in the Supporting In-
formation online for further discussion of centering). We entered all variables
and interactions into the models through a stepwise procedure from Level 1
to Level 2 in order to examine potential fixed and random effects. The model
building stopped once adding additional fixed and/or random effects no longer
improved model fit significantly. The more parsimonious model at the last stage
of comparison was chosen as the final model. The statistical significance level
was set at alpha .05. For simple effects, statistical comparisons of interest were
performed by changing the reference level of each categorical variable (i.e.,
releveling) and refitting the models (see Appendix S11 in the Supporting Infor-
mation online for additional model outputs). We compared logarithm, inverse,
and square-root transformations of the RTs in order to adjust distributional
skewness (Kliegl et al., 2010; see Appendix S12 in the Supporting Informa-
tion online for further discussion of each model).

Results

Research Question 1: Phonological Categorization
In order to address the effect of L1 (i.e., L1 English vs. L1 Chinese) on the
phonological categorization of English /v/–/w/, we analyzed accuracy and RTs
from both speaker groups. Only accurate trials were entered into the RT analy-
sis, resulting in the exclusion of 7.52% of the data. Overall, L1 English speak-
ers showed a high discrimination accuracy for both the target contrast (M =
96.83%, 95% CI [95.32, 98.35]) and the control contrast (M = 96.73%, 95%
CI [94.74, 98.72]), whereas Chinese L2 learners showed a nativelike accuracy
only for the control contrast (M = 96.52%, 95% CI [95.34, 97.71]), with a
lower accuracy for discriminating the target contrast (M = 84.72%, 95% CI
[81.01, 88.43]). Table 3 summarizes the final models for phonological catego-
rization. The intercepts represent the logit accuracy (Model A) and the inverse-
transformed RTs (Model B) of L1 English speakers in successfully discrimi-
nating the control contrast.

No significant accuracy differences were found between the L1 English
and Chinese groups on the control contrast, group (reference level = L1 En-
glish speakers) b = −0.33, SE = 0.43, p = .45, or between the target and the
control contrast within the L1 English speakers, target b = 0.01, SE = 0.42,
p = .99 (see Table 3, Model A). The L1 English speakers significantly outper-
formed the L1 Chinese speakers only on the target contrast, group × target b =
−1.81, SE = 0.39, p < .001. Similarly, in RTs (see Table 3, Model B), the two
groups differed significantly only in discriminating the target contrast, group
× target b = −0.000112, SE = 0.0000279, p < .001. Figure 5 presents the
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 5 AX discrimination task illustrating a two-way interaction between first lan-
guage background and contrast type: accuracy, based on Model A in Table 3 (left),
reaction time, based on Model B in Table 3 (right). The error bars represent standard
errors. The significance labels indicate the simple effect for target within each speaker
group after releveling the reference level (group) and rerunning Model A and Model B
(see Appendix S11 for the releveled models).

interaction effect for both models. Our results supported the conclusion that
L1 English and L1 Chinese speakers differed significantly in discriminating
only the English-specific /v/–/w/ contrast. Working memory was not a statisti-
cally significant covariate in either model.

Research Question 2: Lexicalization
In order to examine the effect of L1 (L1 English vs. L1 Chinese) on the lex-
icalization of English pseudowords, we analyzed accuracy and RTs from the
posttest and delayed posttest. Only accurate trials were entered into the RT
analysis, resulting in the exclusion of 27.82% of the overall data. Compared
to native speakers, Chinese L2 learners encountered great difficulty when lex-
icalizing the English /v/–/w/ contrast (posttest accuracy M = 44.69%, 95%
CI [37.63, 51.75]; delayed posttest accuracy M = 49.59%, 95% CI [42.28,
56.90]), with a substantial amount of variability within speakers. In particular,
the low accuracy rates also resulted in the exclusion of 52.86% of the Chi-
nese native RT responses on the /v/–/w/ contrast, compared to the exclusion of
17.65% of the /k/–/g/ RT responses. With chance-level accuracy, the variance
in /v/–/w/ RT performance might be driven by guessing as opposed to lexical
retrieval; however, in the current analysis we chose to retain only the accu-
rate trials for an overall L1–L2 target–control RT comparison based on the
statistically significant L2 RT differences observed between the accurate and
inaccurate /v/–/w/ trials (posttest M = 112 ms, t = −2.99, p = .002; delayed
posttest M = 157 ms, t = −4.65, p < .001), as well as the nonsignificant L2
RT differences observed between the inaccurate /k/–/g/ and inaccurate /v/–/w/

21 Language Learning 00:0, April 2023, pp. 1–38
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 6 Posttest and delayed posttest: consolidation effect and two-way interaction
between first language background and contrast type (based on Model C in Table 4).
The error bars represent standard errors. The significance labels indicate the simple
effect for consolidation within each speaker group after releveling the reference level
(group and target) and rerunning Model C (see Appendix S11 for the releveled models).

trials (posttest M = 57 ms, t = 1.03, p = .30; delayed posttest M = 79 ms, t =
1.48, p = .14). Importantly, the results must be treated with caution given that
a large proportion of L2 speakers’ /v/–/w/ RT responses might reflect noise
rather than successful lexicalization. Table 4 summarizes the best fitting mod-
els for L1 English and Chinese speakers’ lexicalization, in which the intercepts
represent the logit probability (Model C) and the log-transformed RTs (Model
D) of L1 English speakers correctly rejecting the control lures in the posttest
after controlling for phonological categorization and working memory. Unlike
RTs in the AX discrimination task (inverse-transformed), posttest RTs were
log-transformed to best correct for skewness (see Appendix S12 for further
discussion).

The lexicalization accuracy model (Table 4, Model C) detected a signif-
icant native–nonnative group difference, group b = −1.22, SE = 0.35, p <

.001: In both the posttest and the delayed posttest, English L1 speakers sig-
nificantly outperformed Chinese L2 learners in accurately rejecting lures, after
phonological perception (i.e., AX discrimination accuracy) was controlled for.
Additionally, English L1 speakers performed equally well in lexicalizing the
control and the target contrast, target b = 0.27, SE = 0.30, p = .36, whereas
Chinese L2 learners performed significantly better on the control than on the
target contrast, target × group b = −2.08, SE = 0.34, p < .001. Figure 6
presents the Target × Group interaction and an overall significant consolida-
tion effect across both groups, which is discussed in the Research Question 4
section.
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Table 5 AX discrimination task: second language (L2) accuracy

Model E: L2 perception accuracy

Fixed effects Estimate 95% CI SE z p

Intercept 1.86 [1.27, 2.45] 0.30 6.20 < .001
Working memory 2.45 [−1.06, 5.96] 1.79 1.37 .17
Production 0.83 [0.16, 1.49] 0.34 2.44 .02

Random effects Variance SD

Participants-Intercept 0.99 1.00
Item-Intercept 0.77 0.88

Additional differences were observed among the recorded RTs for the lures
that participants successfully rejected (Table 4, Model D). In both the posttest
and delayed posttest, Chinese L2 learners had significantly longer RTs in re-
jecting the lures in comparison to English L1 speakers, group b = 0.26, SE
= 0.08, p = .001. Before consolidation, significantly longer RTs were found
for the target compared to the control condition for both English L1 speakers,
target b = 0.17, SE = 0.04, p < .001, and Chinese L2 learners, b = 0.16, SE
= 0.03, p < .001 (see Appendix S11 for the releveled model), and this effect
changed after consolidation for the nonnative group, target × group × consoli-
dation b = 0.13, SE = 0.04, p < .001. Detailed results regarding consolidation
are illustrated in the Research Question 4 section. Interestingly, the covariate
working memory was statistically significant in the accuracy model (Model C)
but not significant when considering RT performances (Model D).

Research Question 3: L1 Influence and Direction of Confusion
We then focused on the performance of L1 Chinese speakers by adding L1 [ʋ]–
[w] preference and L1 phonotactic constraints into the model-building proce-
dure to analyze the L1 influence on L2 phonological perception, L2 lexicaliza-
tion, and the direction of confusion. Table 5 (Model E) summarizes the final
model of L1 influence on L2 perception accuracy. The intercept represents the
logit accuracy (Model E) of Chinese L1 [ʋ]–[w]-mixed users with sample mean
working memory in discriminating the /v/–/w/ contrast. The L2 perception RT
model fails to detect any significant fixed effects (see, however, Appendix S13
in the Supporting Information online for an extended discussion on age of ac-
quisition and its influence on L2 perception and lexicalization).
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Table 6 Posttest and delayed posttest: accuracy

Model G: L2 lexicalization accuracy

Fixed effects Estimate 95% CI SE z p

Intercept −0.28 [−0.82, 0.26] 0.28 −1.01 .31
Consolidation 0.08 [−0.18, 0.34] 0.13 0.61 .54
Production 0.54 [−0.14, 1.22] 0.35 1.56 .12
Congruent −0.68 [−1.28, −0.07] 0.31 −2.19 .03
Lure −0.62 [−1.10, −0.15] 0.24 −2.57 .01
Perception 1.02 [0.34, 1.71] 0.35 2.92 .003
Working memory 2.15 [−1.31, 5.60] 1.76 1.22 .22
Production × Consolidation 0.39 [0.02, 0.76] 0.19 2.05 .04
Production × Congruent 0.70 [0.09, 1.31] 0.31 2.25 .03
Production × Lure 0.59 [0.14, 1.05] 0.23 2.56 .01
Congruent × Lure 1.24 [0.41, 2.06] 0.42 2.94 .003
Production × Congruent × Lure −1.18 [−1.97, −0.39] 0.40 −2.91 .004

Random effects Variance SD

Participants-Intercept 1.20 1.09
Participants-Congruent 0.36 0.60
Participants-New 0.85 0.92
Item-Intercept 0.13 0.36

In the L2 perception accuracy model (Table 5, Model E), the L1 [w]-only
production group significantly outperformed the [ʋ]–[w]-mixed group in ac-
curately discriminating the English /v/–/w/, production (reference level = L1
[ʋ]–[w]-mixed group) b = 0.33, SE = 0.34, p = .02: The [w]-only group had an
averaged AX discrimination task accuracy of 88.94% (95% CI [84.61, 93.28]),
whereas the [ʋ]–[w]-mixed group had an averaged accuracy of 80.33% (95%
CI [74.45, 86.22]). Working memory was not a significant covariate in this
model.

Table 6 (Model G) summarizes the best fitting model of L1 influence on
L2 lexicalization. The intercept of this model is the logit probability of a ran-
domly selected L1 [ʋ]–[w]-mixed user correctly rejecting a L1–L2 incongru-
ent /v/-lure in the posttest, controlled for phonological categorization. Sim-
ilarly, given that L2 speakers’ /v/–/w/ lexicalization accuracy was at chance
(overall accuracy 47.14%), one cannot assume that the accurate /v/–/w/ RTs
reflected true lexical retrieval. Moreover, due to the complete absence of data
in some key phonotactic conditions, conclusions based solely on the L2 /v/–/w/
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 7 Three-way interaction between first language [ʋ]–[w] preference, phonotactic
constraints, and lure type in predicting second language lexicalization accuracy (based
on Model G in Table 6). The error bars represent standard errors. The significance
labels indicate the simple effect for lure within each Chinese native speaker subgroup
after releveling the reference level (production and consolidation) and rerunning Model
G (see Appendix S11 for the releveled models).

lexicalization RTs are only tentative and will not be discussed here (see Ap-
pendix S14 in the Supporting Information online for further discussion).

Regarding L1 influence on L2 lexicalization accuracy (Table 6, Model G),
the L1 [w]-only production group significantly outperformed the L1 [ʋ]–[w]-
mixed group in discriminating all contrasts under all phonotactic constraints,
with the two exceptions of the incongruent and new /v/-lures, production b
= 0.54, SE = 0.35, p = .12). A significant three-way interaction between L1
[ʋ]–[w] production preference (reference level = L1 [ʋ]–[w]-mixed group),
L1–L2 phonotactic constraints (reference level = L1-L2 incongruent condi-
tion), and lure type (reference level = /v/-lure) was observed, production ×
congruent × lure b = −1.18, SE = 0.40, p = .004, and their influence on
L2 lexicalization is represented in Figure 7. Asymmetric lure interference re-
flected a joint effect of L1 [ʋ]–[w] preference and L1 phonotactic constraints:
No significant directional bias in the competition effects was observed in the
L1 [w]-only group, b = −0.03, SE = 0.24, p = .90 (see Appendix S11 for
the releveled models). Meanwhile, for the L1 [ʋ]–[w]-mixed users, there was
a significant competition bias effect with nondominant /v/-lures rejected less
often than dominant /w/-lures in the congruent condition, congruent × lure
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 8 Second language lexicalization: accuracy improvement by first language [ʋ]–
[w] preference groups (based on Model G in Table 6). The error bars represent standard
errors. The significance labels indicate the simple effect for consolidation within each
Chinese native speaker subgroup after releveling the reference level (production and
lure) and rerunning Model G (see Appendix S11 for the releveled models).

b = 1.24, SE = 0.42, p = .003, and a significantly stronger /w/ to /v/ (i.e.,
dominant-to-nondominant) competition bias effect in the incongruent and new
conditions, production × lure b = 0.59, SE = 0.23, p = .01. The covariate
working memory was not significant in this model.

Research Question 4: 24-Hour Consolidation
The effects of 24-hour consolidation are reported in Table 4 and Table 6. An
overall significant improvement in accuracy was found in the delayed posttest
(i.e., higher accuracy rates of lexicalization) for both English and Chinese L1
speakers (Table 4, Model C), consolidation b = 0.22, SE = 0.06, p < .001
(see also Figure 6 for visualization). However, the improvement in lexical-
ization was not observed for all L1 Chinese speakers. The L2 lexicalization
model (Table 6) reported an interaction effect between L1 [ʋ]–[w] preference
and consolidation, production × consolidation b = 0.39, SE = 0.19, p = .04.
Solely the L1 [w]-only group had benefited from the 24-hour consolidation
(see Figure 8).

In RTs, English L1 speakers reacted significantly more slowly in rejecting
the target lure than the control lure in the posttest on Day 1 (Table 4, Model
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Zheng and Gor L1 Phonology, Allophony, and L2 Lexical Encoding

Figure 9 Lexicalization: reaction time improvement (based on Model D in Table 4).
The error bars represent standard errors. The significance labels indicate the simple
effect for consolidation within each speaker group after releveling the reference level
(target and group) and rerunning Model D (see Appendix S11 for the releveled models).

D), target b = 0.17, SE = 0.04, p < .001, but their performance improved
significantly after 24 hours, target × consolidation b = −0.09, SE = 0.03, p
= .002, which might indicate that the /v/–/w/ contrast took more time for full
consolidation of lexical representations in L1 English speakers than the very
salient /k/–/g/ voicing contrast in the word-initial position. In contrast, Chinese
L2 learners showed RT facilitation after 24 hours only in the control condition,
b = −0.07, SE = 0.03, p = .01 (see Appendix S11 for the releveled model) and
not in the target condition, b = −0.03, SE = 0.03, p = .32 (see Appendix S11
for the releveled model). These group differences across time are illustrated in
Figure 9.

Discussion

In this study, we set out to investigate the effect of L1 language background on
phonological categorization and lexicalization of a novel L2 contrast. In partic-
ular, we examined the role of phonotactically constrained allophonic variation
in L1 production in forming new lexical representations in the L2. In this sec-
tion, we will revisit the research questions formulated earlier in this paper and
discuss how the findings of this study inform these questions. Discussion of
working memory and other covariates can be found in the Supporting Infor-
mation online.

Research Question 1: L2 Phonological Categorization
The first research question asked to what extent the English /v/–/w/ phono-
logical contrast is auditorily confusable, given that there is only one /w/
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phoneme in Chinese, and Chinese L2 learners vary in their use of one allo-
phone ([w]) or two allophones ([ʋ] and [w]) of L1 /w/, with the two allophones
phonetically close to the English /v/ and /w/. Overall, results demonstrate that
even advanced-level Chinese L2 learners experienced certain difficulties in dis-
criminating English /v/–/w/ (accuracy 84.72%), compared to their nativelike
performance on the control contrast (accuracy 96.52%). Additionally, a wide
range of variability (Figure 5) in Chinese L2 learners’ target contrast discrimi-
nation indicates that some L2 learners indeed struggled with the perception of
the English /v/–/w/ contrast. These findings increase our understanding of the
role of phonological variables and the phonetic properties of phonemes in the
L1 in shaping phonological categorization in a L2.

Research Question 2: L2 Lexicalization
The second research question asked to what extent Chinese L2 learners experi-
ence difficulties in the lexical encoding of the novel L2 /v/–/w/ contrast. Given
the observed variability in [ʋ]–[w] pronunciation among our participants and
the well-documented [ʋ]–[w] free allophonic variation in L1 Chinese to rep-
resent the single phoneme /w/ (e.g., Wang, 2007; Wiener & Shih, 2013), L2
learners were expected to experience problems with the encoding of the L2
phonological /v/–/w/ contrast. The results of accuracy and RT analyses provide
unambiguous support for the conclusion that even advanced-level L2 learners
experienced great difficulty in correctly lexically encoding and efficiently re-
trieving the novel L2 contrast, compared to the familiar /k/–/g/ contrast and to
the outcomes of English native speakers. Importantly, all words were learned
by both L1 English and Chinese participants to meet the 90% accuracy crite-
rion in the exit test. Therefore, although the overall word form was learned, the
problematic L2 contrast was imprecisely lexically encoded. It should be noted
that L2 speakers’ /v/–/w/ lexicalization accuracy was at chance, although sys-
tematic differences between the RTs of accurate versus inaccurate /v/–/w/ trials
were observed. Conclusions based on accurate RT trials here should be treated
carefully as only a secondary source of information that corroborates the ac-
curacy results, as a large proportion of the L2 /v/–/w/ response (RTs) likely
reflected noise pertaining to their predictive validity.

These findings provide empirical evidence in support of the fuzzy lexi-
cal representations hypothesis (Gor et al., 2021). A plausible explanation for
the low accuracy and long RTs cannot rely solely on perceptual categoriza-
tion difficulties: As discussed above, Chinese L2 learners were 84.72% accu-
rate in discriminating the /v/–/w/ contrast. Given that phonological perception
was controlled in the lexicalization model, it appears that unfaithful encoding
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(i.e., low accuracy) and slower retrieval (i.e., longer RTs) of newly established
L2 representations involving the novel L2 contrast do not occur solely as a
consequence of perceptual categorization difficulty. Rather, the locus of fuzzi-
ness in novel L2 lexical representations is also at the lexicalization level.

Research Question 3: L1 Influence on L2 Phonological Perception and
Lexicalization
The third research question explored the influence of L1 phonology, including
L1 free allophonic variation constrained by phonotactics in the L1 production
of the study participants, on their success in L2 novel contrast perception and
lexicalization. The direction of lexical confusion has also been examined. Our
results extend the understanding of how L1 free allophonic variation can influ-
ence L2 phonological categorization and lexicalization: The interchangeable
use of two allophones, [ʋ] and [w], in L1 Chinese to represent the phoneme
/w/ makes it more difficult for Chinese L2 learners to accurately perceive and
lexicalize the novel L2 /v/–/w/ contrast.

More specifically, consistent with one L1-Spanish L2-English study that re-
ported a one-allophone L1 variety advantage over the two-allophone L1 variety
with free allophonic variation in a scenario of L1–L2 allophonic split (López
Velarde & Simonet, 2020), Chinese L1 speakers in our study who preferred to
consistently use [w] rather than both allophones also enjoyed a clear advantage
in correctly perceiving and lexicalizing the L2 /v/–/w/ contrast. Indeed, having
one L1 phonemic category with a lot of variation makes it harder to separate
that space into two separate L2 categories. Considering the particular case of
L1 allophonic variation explored in this study, where both allophones repre-
sent the same /w/ phoneme and are used interchangeably in the same phono-
tactically legal positions, it is plausible that Chinese L1 speakers are used to
categorizing both as /w/ even if they notice the phonetic differences (cf. the
perceptual assimilation model; Best, 1995; Best & Tyler, 2007). Accordingly,
it becomes difficult for them to consistently categorize and encode [v] and [w]
as different phonemes in English.

Regarding L2 lexicalization, there were two exceptions to the systematic
L1 [w]-only advantage discussed above: No significant [w]-only advantage
was observed for phonotactically incongruent or new /v/-lures. The finding
that the accuracy for rejecting phonotactically incongruent or new /v/-lures
showed no L1 [ʋ]–[w] preference effect on lexicalization is in line with the
following hypothesis: In the incongruent condition, Chinese L1 speakers will
reject the use of [ʋ] over [w] in either L1 listening or production (Wang,
2007); therefore, no incorrect match can potentially occur for an incongruent
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[ʋ] with /w/ in Chinese. The same is true for the L1–L2 new condition: The
consonant–vowel combinations unavailable in the L1 are unaffected by the
mismatch introduced by L1 free allophonic variation. Consequently, the lex-
icalization of English /w/ in the incongruent or new condition is comparable
across the two L1 allophonic varieties.

The findings regarding the directions of confusion reveal a more nuanced
pattern of the influence of L1 phonotactics on L2 lexicalization. Among the
L1 [ʋ]–[w]-mixed users, we observed a stronger competition effect caused
by the dominant /w/-lure on the lexical encoding of /v/-words than by the
nondominant /v/-lure on /w/-words (i.e., stronger dominant-to-nondominant
than nondominant-to-dominant competition) in the incongruent and new con-
ditions. The dominance of L2 /w/ for Chinese speakers was assumed, based on
the phonemic status of /w/ (unlike [ʋ]) in Chinese, which is supported by or-
thography. This effect is consistent with the asymmetries in lexical access doc-
umented in previous research (e.g., Cutler et al., 2006; Darcy et al., 2013; Es-
cudero et al., 2008): The lexical encoding of the nondominant L2 category that
is unavailable in L1 phonology (/v/) is more likely to be incorrectly matched to
the dominant category available in L1 phonology than vice versa, which leads
to the asymmetries in lexical access found in our analysis.

At the same time, an opposing pattern was found for the congruent
condition, in which the nondominant /v/-lure was less often rejected than the
dominant /w/-lure (i.e., stronger nondominant-to-dominant than dominant-to-
nondominant competition). A plausible explanation is that L1–L2 congruence
leads to a disadvantage for discriminating /v/-lures from /w/-words because
it makes it possible for two-allophone users to apply L1 phonotactic con-
straints licensing the interchangeable use of both allophones in the English
words. Furthermore, for the L1 [w]-only users, the L1 [w]-only process-
ing advantage offsets the effects of relying on L1–L2 congruence, both
dominant-to-nondominant and nondominant-to-dominant, resulting in sta-
tistically comparable accuracies for the dominant and nondominant lures
across the congruent, incongruent, and new conditions (see Figure 7). The
overall accuracy level was much higher in [w]-only than in [ʋ]–[w]-mixed L1
allophone users—a major indicator of the advantage of consistent reliance
on one phonetic allophone in L1 categorization. This pattern of competition
for the dominant and nondominant lures critically extends our understanding
of the asymmetries in lexical access. Our study has shown different patterns
of asymmetry: from dominant to nondominant, nondominant to dominant,
and no asymmetry (see also Barrios & Hayes-Harb, 2021). These patterns
can be jointly predicted by the availability of allophonic variation in L1, the
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phonotactic constraints on L1 allophonic variation, and the preference for the
L1 dominant phoneme (/w/) in L1 production.

Research Question 4: 24-Hour Consolidation
The fourth research question explores whether 24-hour consolidation can be
observed in L2 lexicalization. Meanwhile, we asked a novel question about
how L2 learners would deal with the lexical encoding of a difficult L2 contrast
after a period of consolidation. Overall, the accuracy in /v/–/w/ and /k/–/g/ lex-
icalization for both L1 groups improved, without further exposure and practice,
after 24 hours. This finding aligns well with earlier reports on the role of 24-
hour consolidation in lexical integration (Dumay & Gaskell, 2007; Tamminen
et al., 2017).

In particular, solely the L1 [w]-only users consolidated the initially un-
stable /v/–/w/ representations into more robust ones (Mposttest = 53.69%;
Mdelayed posttest = 61.86%), whereas the L1 [ʋ]–[w]-mixed users continued to
struggle (Mposttest = 35.33%; Mdelayed posttest = 36.83%). In addition to the per-
ception and lexicalization advantage seen for the one-allophone L1 variety, this
research highlights the possibility that consolidation in lexicalization may also
be exclusive to that variety. Moreover, the low accuracy level among the [ʋ]–
[w]-mixed users (M = 36.08%) may indicate consistent misidentification pat-
terns predicted by the type of lure and phonotactic constraints (see Figure 7).
These two original findings have broadened the current understanding of fuzzi-
ness in lexicalization: Despite an overall improvement, consolidation may fail
to take place in L2 learners with a L1 phoneme allowing free allophonic vari-
ation and thereby introducing fuzziness in L2 phonolexical encoding. Such L2
learners may even lexicalize the incorrect representations.

The accuracy rates were designed to measure the success of lexicalization,
whereas the RT analysis provided a measure of efficiency in processing the
contrast—a secondary source of observation that corroborates the accuracy
data, as they show similar effects across the conditions and participant groups
(see Table 4). A significant reduction in RTs that arguably accompanies suc-
cessful lexicalization after 24 hours was observed in Chinese L1 speakers only
for the familiar L2 control contrast, which indicates that further lexical consol-
idation (i.e., efficiency in lexical processing) only happens when the contrast
is not fuzzy. Interestingly, this efficiency improvement was also present in the
native English speaker RT data with the /v/–/w/ contrast (alongside a poten-
tial ceiling effect for /k/–/g/ processing, as the /k/–/g/ contrast is more salient).
Moreover, the magnitude of improvement was larger than the relatively small
improvement observed only for the control contrast in the Chinese L2 learner
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RT data (see Figure 9). As the target contrast is not fuzzy for native speakers of
English, that is, both phonemes in the contrast have robust phonological rep-
resentations, the native speaker RT data further support our claim that more
stable phonological representations produce lexical representations that are
better consolidated than the fuzzy ones observed in L2s.

Limitations and Future Directions

Before discussing the broader implications of the current study, some limita-
tions should be mentioned. The first concerns the potentially unequal treat-
ment, in terms of amount of input, of those participants (n = 8) who failed to
achieve the 90% pass rate on the exit test at the first attempt. They were given
a second chance to review the training materials before retaking the exit test
to meet the threshold requirement. Future studies increasing the sample size
could help to minimize this unequal treatment problem. Additionally, a vocab-
ulary training study is limited in the number of new words that participants can
learn in one session. In the current experiment, in order to maximize efficiency
and minimize fatigue, we included only 16 trials for each L1 phonotactic con-
straint condition (eight matches and eight mismatches). We hope that future
research will improve on ours by expanding the study to a longer timeframe to
deal with this limitation.

Conclusion

Despite these limitations, the present study deepens our understanding of the
encoding and memorization of newly formed L2 lexical representations in
several ways. First, it explores the impact of L1 allophonic variation on L2
phonological perception and lexicalization. The impact on perception has pre-
viously been demonstrated mainly in research on allophonic variation in com-
plementary distribution (Barrios et al., 2016; Eckman et al., 2003; Shea, 2014),
whereas the present study addresses free allophonic variation; and the im-
pact on lexicalization has not previously been explored, to the best of our
knowledge. This study demonstrates that L1 allophonic variation involving
allophones that are acoustically close to the members of a novel L2 contrast
does not guarantee either near-native perceptual categorization or successful
L2 lexicalization, even for advanced L2 learners. Crucially, after controlling
for perceptual categorization, L2 learners’ lexical encoding of the L2-specific
phonological contrast remains unfaithful, or fuzzy.

In addition to providing empirical support for the fuzzy lexical repre-
sentations hypothesis (Gor et al., 2021), the findings from this research ex-
pand our understanding of the pattern of mapping from phonology to lexical
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representations. Multilevel modeling results show a three-way interaction be-
tween L1 allophonic variation, L1 phonotactics, and lure type, thereby sup-
porting the view that patterns of asymmetries in lexical access are a joint
product of multiple variables (Barrios & Hayes-Harb, 2021). Furthermore, this
study is also original in reporting the role of L1 allophonic variation in shaping
newly formed L2 lexical representations: Learners with no variability in their
L1 phonemic inventory, that is, one-allophone users, are relatively more suc-
cessful in L2 /v/–/w/ perception and lexicalization than two-allophone users.
Additionally, L1 phonotactic constraints are also predictive of the degree of
fuzziness in L2 lexicalization: When the vowel context is congruent across the
L1 and L2, the two-allophone L1 users experience greater difficulty in the lex-
icalization of the dominant L1 category; and conversely, when the context is
incongruent or new (involving a consonant–vowel combination that is novel in
the L1), the two-allophone users experience greater difficulty in lexically en-
coding the nondominant L1 category. Finally, overall, 24-hour memory consol-
idation takes place in both L1 and L2 participants; however, only learners with
no variability in L1 allophonic use consolidate the initially unstable represen-
tations, and further enhancement of lexical encoding (as assessed by increased
processing speed) is only available for a L2 contrast also existing in the L1,
and not for the critical /v/–/w/ contrast.

Final revised version accepted 6 March 2023
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