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Abstract
Studies investigating phonological processing indicate that words with high regularity/
consistency in pronunciation or high frequency positively impact reading speed and
accuracy. Such effects of consistency and frequency have been demonstrated in Japanese
kanji words and are known as consistency and frequency effects. Using a mixed-effects
model analysis, this study reexamines the two effects in Chinese–Japanese second-language
(L2) learners with two different L2 proficiency levels. The two effects are robustly
replicated in oral reading tasks; in particular, the performance of intermediate learners is
similar to that of Japanese semantic dementia patients, whose reading accuracy is affected
by sensitivity to the statistical properties of words (i.e., reading consistency and lexical
frequency). These results are explained by the interaction between semantic memory and
word statistical properties. Moreover, the interaction highlights the important
consequences of statistical learning underlying L2 phonological processing.
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Introduction
The phonological processing of logographic writing systems has been receiving
scholarly attention for decades. One exemplification is kanji words in the Japanese
writing system, which comprises syllabic kana and kanji. Unlike the translation rules
for print-to-sound in alphabetic writing systems (e.g., English), the orthography-to-
phonology (O-P) correspondence of Japanese kanji words is less regular and
systematic. For instance, in the phrase地球は丸い (the earth is round), the subject
地球 and the first character of the adjective 丸い are written in kanji, whereas the
remaining are in kana script. The morphology of kana (e.g., い /i/) maps to its
phonological representation with one syllabic unit, mora (Otake et al., 1993).
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However, a single Japanese kanji can have more than one legitimate pronunciation
due to its intra-context within the word and, hence, cannot be decomposed to match
any specific size of a syllabic unit. Thus, whether a set of rules for O-P mapping
regularity can be applied to the reading of Japanese kanji words is unclear.

Reading of Japanese Kanji words
Studies have addressed O-P mapping regularity in terms of on- and kun-reading in
Japanese kanji (Ida et al., 2014; Wydell et al., 1995). On-reading, where a word’s
pronunciation can be read from its character level, derives from the pronunciation
of original Chinese characters. Kun-reading, where the constituent character’s
pronunciation obeys less corresponding regularity, derives from the pronunciation
of an original Japanese word. For instance, 地球 /chi-kyu/ is an on-reading word,
whereas 丸 /maru/ is a kun-reading character in the word 丸い. Additionally, kanji
words like 地球 /chi-kyu/ can be read from their sub-word level. That is, the
constituent characters 地 and 球 are considered to map the pronunciations /chi/
and /kyu/, respectively, as read in the words地形 /chi-kei/ (topography) and円球 /
eN-kyu/ (sphere). Compared with kun-reading, on-reading is a more regular type of
pronunciation (Fushimi et al., 1999; Wydell et al., 1995). Although the on-reading of
kanji was generally preserved during its introduction from ancient China, many
words lost their original Chinese pronunciations in terms of accents or tones
(Wydell et al., 1993). The pronunciation of Japanese kanji itself became complex
such that one character could have several legitimate, alternative on-reading
pronunciations. For instance, the character地 is also pronounced as /ji/ in the word
地面 /ji-meN/ (the ground). Hence, on-reading cannot prescribe the regularity of
O-P correspondences in Japanese kanji words (Fushimi et al., 1999; Ida et al., 2014;
Patterson et al., 1995). To allocate the appropriate pronunciation when the
constituent kanji character has multiple legitimate pronunciations, one must
harness phonological knowledge at the whole-word level where contextual and
lexical–semantic knowledge is supposed to be activated (Fushimi et al., 1999;
Fushimi et al., 2009; Wydell et al., 1993).1

Reading consistency in Japanese Kanji words
Another perspective to capture the regularity of the O-P correspondence in kanji
words is the consistency/typicality of the pronunciation. It is described as reading
consistency and has been discussed mainly in the context of two-character Japanese
kanji words (Fushimi et al., 1999; Wydell et al., 1993; Wydell et al. 1995). Fushimi
et al. (1999) defined reading consistency by computing the size of the phonological
and orthographical neighborhood (characters having identical phonological/
orthographical forms, respectively) of the constituent kanji character within the
target word. By statistically analyzing a corpus of approximately 31,000 words
from the Iwanami Japanese Dictionary (Nishio et al., 1986), the study categorized
reading consistency into consistent, inconsistent-typical, and inconsistent-atypical
words.2 When the constituent kanji has identical pronunciation among all the
neighbors including the same character in the same position, it is considered a
consistent word. By contrast, when the constituent kanji has more than one
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legitimate pronunciation, it is an inconsistent word. Inconsistent words are further
classified as typical and atypical words based on their statistical typicality, which is
computed as the ratio between phonological friends and orthographical neighbors.
For instance, two-character kanji words with the character 神 in the first position
have 84 orthographical neighbors, such as 神経 /siN-Kei/ (nerve), 神様 /kami-
sama/(the god), and神社 /ziN-jia/ (shrine). Among these orthographical neighbors,
the word 神経 /siN-Kei/ has 71 phonological friends wherein 神 is similarly
pronounced as /siN/. Therefore, it is categorized as an inconsistent but typical word
as its phonological friends take the majority of the orthographical neighbors. By
contrast, the words with 神 pronounced as /kami/, /ziN/, or /kaN/ in the same
position take 13 of 84 positions, and are, hence, categorized as inconsistent-atypical
words. Using this method, reading consistency can be captured in a numeric
continuum (Figure 1a), wherein the value 1 represents a consistent word and a value
less than 1 indicates an inconsistent word. Values come infinitely close to 0 with
decreasing reading consistency. Thus, the degree of reading consistency is the
statistical property of the O-P correspondences in Japanese kanji words. This
statistical property is interpreted as the strength in weight of distributions,
according to connectionist neurocomputational models (Coltheart et al., 2010; Plaut
et al., 1996; Seidenberg & McClelland, 1989). Accordingly, reading consistency can
be described as one aspect of statistical influence.

Consistency, frequency effect, and statistical learning
Fushimi et al. (1999) computed reading consistency and, thereby, demonstrated the
consistency effect3 in oral reading tasks; accordingly, Japanese kanji words with high
reading consistencies tend to generate short reaction times (RTs) and high reading
accuracies. A graded consistency effect caused by a quasi-regular reading consistency
structure—consistent word < inconsistent-typical word < inconsistent-atypical
word—was observed in RT, as well. Additionally, the frequency effect was
demonstrated within the same experimental word stimuli, that is, participants
tended to perform more advantageously in high-frequency (HF) words in terms of
RT and reading accuracy than in low-frequency (LF) words.

Consistency and frequency effects can be considered the consequences of
statistical learning. The statistical learning paradigm was broadly discussed in the
first-language (L1) acquisition of children and infants, such as early-age language
input (Feldman et al., 2022; Richtsmeier & Goffman, 2017), syntax (Fisher et al.,
2006), and phonotactic sequences (Richtsmeier et al., 2011; Richtsmeier & Goffman,
2023). The emergence of the HF advantage is considered a result of individuals’
naturalistic exposure to the statistical characteristics of languages during early-age
L1 acquisition and can be simulated in statistical learning experiments. Similarly,
the quasi-regular structure in the reading consistency of Japanese kanji words is
computed based on the lexical frequency in the corpora, which is a statistical
property of the kanji word.

Consistency and frequency effects are not limited to Japanese; rather, they were
first demonstrated in alphabetic writing systems. Research on English words reports
a graded structure continuum comprising regular-consistent words, regular-
inconsistent words, and exceptions from the highest to lowest reading accuracy. The
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Figure 1. Distribution of word reading consistency (Figure 1a) and word frequency (Figure 1b) of the
experimental materials. Figure 1a (top panel) shows the number of words distributed in each reading
consistency interval. The reading consistency of word materials in Fushimi et al. (1999) was recomputed
using the Jōyō Kanji and Jukugo database (Tamaoka et al., 2017). Figure 1b (bottom panel) shows the
number of words distributed in each frequency interval. The lexical frequency was calculated using
frequency lists in the Chonagon database, BCCWJ.
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regularity-consistency effect has been verified in oral reading and lexical decision
tasks (Andrews, 1982; Andrews et al., 2005; Glushko, 1979; Jared, 1997; Jared et al.,
1990), as well. Logographic writing systems, for example, Chinese, report a similar
regularity-consistency effect on the character–pronunciation correspondence in
Mandarin (Chao et al., 2021; Chen et al., 2016; Lee et al., 2005; Li et al., 2020). The
cross-linguistic generalization of the consistency effect provides further evidence of
the consequence of statistical learning underlying word phonological processing.

Contribution of semantic memory
As mentioned earlier, whole-word-level reading is required to name an inconsistent
Japanese kanji word. To perform whole-word-level reading, individuals are
supposed to employ the lexical semantic knowledge stored in their semantic
memory (Coltheart et al., 1993; Crisp & Lambon Ralph, 2006). The contribution of
the semantic memory to word phonological processing is described as interactive
access among semantic, orthographic, and phonological representational units in a
triangle neural connectionist network model (Halai et al., 2018; Patterson & Lambon
Ralph, 1999; Seidenberg & McClelland, 1989; Ueno et al., 2014). This has also been
applied to the simulation of oral reading tasks by connectionist approach (Ijuin
et al., 1996). Such models further explain how a Japanese kanji character is perceived
at the whole-word level and the graded consistency effect is generated. Accordingly,
stronger contributions of semantic memory are required to support whole-word-
level reading for decreasing levels of the reading consistency of the target word.

However, when individuals encounter words with uncommon pronunciations,
they make reading errors due to the default of the most typically used
pronunciation. In such cases, a representative type of error—legitimate alternative
reading of components (LARC) error—is generated. A LARC error refers to the
inappropriate pronunciation of a target word but still correct once the constituent
character is combined with other kanji as a different word (Fushimi et al., 1999;
Fushimi et al., 2003; Fushimi et al., 2009). For instance, the mispronunciation of神
主 /kaN-nushi/ (lord god) as /siN-nushi/ is a LARC error since /siN/ is the correct
pronunciation in words such as 神経 /siN-Kei/. Most of such errors are called
regularization errors as the component characters’ pronunciation tends to be
wrongly regularized to the one with statistically higher reading consistency or lexical
frequency. The presence of LARC errors further clarifies the influence of word
statistical properties in phonological processing. For healthy Japanese L1 speakers,
LARC errors are more likely to occur in low-frequency, than high-frequency, words
because of limited statistical learning exposure. Nevertheless, L1 speakers rarely
make reading errors, as semantic knowledge supposedly supports whole-word-level
reading and compensates for the disadvantages of weak statistical properties (Ueno
et al., 2014). For instance, although the word 金銭 /kiN-seN/ (money) is an
inconsistent-atypical word, it has high lexical frequency. Therefore, the access to its
semantic representation can be so automatic that reading errors are less likely to
occur. In comparison, when naming an inconsistent-atypical word in the LF band,
such as 毛皮 /ke-gawa/ (animal fur), a large magnitude of the semantic memory
contribution is required to elicit the correct phonological representation. When the
semantic contribution is unable to compensate for the least advantage of a statistical

Applied Psycholinguistics 5

https://doi.org/10.1017/S0142716425000128 Published online by Cambridge University Press

https://doi.org/10.1017/S0142716425000128


property, LARC errors tend to appear. Hence, the emergence of frequency and
consistency effects can be illustrated by the interaction between semantic memory
and strength of two statistical properties (Figure 2). Further, this clarifies why
healthy Japanese L1 speakers (Fushimi et al., 1999) are not highly sensitive to HF
words’ quasi-regular structure in terms of reading accuracy and LARC errors and
why their graded consistency effect is constrained to the LF band in RT. By contrast,
Japanese semantic dementia patients having the same experimental material and
design perform with great sensitivity to the quasi-regular structure, and their
reading accuracy follows the consistent > typical > atypical pattern (Fushimi et al.,
2009). Because of the neurological impairment in semantic memory processing,
semantic dementia patients are assumed to name the Japanese kanji word with less
reliance on semantic knowledge but heavy dependence on its statistical properties.
Therefore, semantic dementia patients find it difficult to achieve the same reading
accuracy quality as healthy Japanese natives in situations requiring strong semantic
memory contributions. When the progressive deterioration in semantic memory
becomes severe, their reading accuracy deteriorates due to the failure of word
semantic activation (Fushimi et al., 2003; Fushimi et al., 2009).

Japanese Kanji learning for L1-Chinese speakers
Discussions on the phonological processing of Japanese kanji words in the context
of L2 learning should consider factors related to L2 acquisition, such as L2
proficiency and L1 transfer. Earlier studies on Chinese L1 learners have extensively
examined phonological, orthographical, and semantic parallels to Mandarin and

Figure 2. Illustration of the relationship between semantic memory and the emergence of consistency
and frequency effects. The x- and y-axes represent the gradient reading consistency and word frequency
variation, respectively. The words “strong” and “weak” refer to the engagement of statistical property
(frequency and consistency). The intensity variation between gray and black colors within the square
formed by x- and y-axes refers to the involvement of semantic memory, whose magnitude ranges from the
least to the most. Therefore, when a word has high frequency and consistency, its statistical property is
supposed to be the strongest so that the least magnitude of semantic memory is involved accordingly and
vice versa.
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reported transfer effects in L2 Japanese word processing. For example, orthographic
and semantic parallels, such as the character 表, convey the similarity of meanings,
that is, “the cover” in both Chinese and Japanese. Effects in homophone-synonyms
or cognates, such as the word 表象 (representation), occur due to orthographical/
phonological similarities (Chiu, 2002a, 2002b). However, not all studies report the
facilitating effect in L1 transfer (Fei, 2015; Kayamoto, 2000; Matsumi et al., 2014). In
oral reading tasks, unlike readers with less proficiency, L2 learners with high
proficiency were less affected by phonological/orthographical similarities in reading
latency (Kayamoto, 2000, 2002). In lexical decision tasks involving manipulations of
the switch in languages (Chinese–Japanese) and phonological similarities,
intermediate learners were more likely to benefit from L1 phonological similarities,
whereas advanced learners were more affected by L2 phonological knowledge (Fei,
2015). By contrast, negative transfer effects from L2 Japanese phonological
similarities were observed in the L1 word processing of high-proficiency learners. In
this case, the acquisition of Japanese phonological representations generated
inhibitory effects on L1-Chinese phonological processing (Matsumi et al., 2014).
These results imply the unstable nature of the facilitating effect of L1 transfer; it
varies depending on the Japanese L2 proficiency levels of learners and on tasks with
different requirements. Although the inhibitory/facilitative effects of orthographi-
cal/phonological similarities are assumed to influence the processing of Japanese
kanji words, the processing can be modulated by the consequence of statistical
learning in different L2 proficiency levels. Hence, the difficulties of the phonological
processing of L2 Japanese kanji words cannot be comprehensively interpreted using
the dichotomy of positive/negative transfer from L1.

The current study focuses on the impact of two statistical properties—that is,
reading consistency and lexical frequency, rather than L1 transfers—on the oral
reading performance of Japanese kanji words. It clarifies the intrinsic statistical
properties of kanji words and provides insights into the potential difficulties in the
phonological processing of L2 words.

Research questions and hypothesis
This study aims to illustrate the consistency and frequency effects in Chinese L1
learners of Japanese with varying L2 proficiencies. The following research questions
(RQs) and hypotheses are tested:

Can the effects of reading consistency and lexical frequency in Japanese kanji
words be demonstrated among L2-Japanese learners (RQ 1)? This study
examined the two effects on RTs, reading accuracy, and LARC errors in L1-Chinese
learners of Japanese. To ensure that participants had the requisite language
proficiency to undertake an oral reading task, L2 learners with advanced proficiency
were chosen in Experiment 1. If statistical learning is the foundation of language
acquisition, then shorter RTs, higher reading accuracies, and fewer LARC errors
would appear for words with high reading consistency and lexical frequency.

Does L2 learning proficiency influence consistency and frequency effects
(RQ 2)? Experiment 2 was conducted to assess the two effects in lower-proficiency
(intermediate) learners. To further refine our understanding of the relationship
between L2 proficiency and word statistical properties, Japanese L2 proficiency
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(advanced/intermediate) was introduced as a predictor of reading accuracy, using
data from Experiments 1 and 2. Two different predictions were formulated.

(1) Higher proficiency learners are expected to exhibit a more pronounced
graded consistency effect and its interaction with frequency compared with the
lower-proficiency group. This prediction assumes that those with higher
proficiency, due to longer exposure and more in-depth learning, will show better
assimilation of the quasi-regular structure in reading consistency.

(2) On the contrary, high-proficiency learners might demonstrate reduced
sensitivity to word statistical properties compared with low-proficiency learners
who may exhibit increased sensitivity to reading consistency and frequency,
reflecting their ongoing development in phonological and semantic knowledge. This
prediction assumes that high-proficiency learners acquire more semantic knowledge
of Japanese kanji than low-proficiency learners. To further explore this assumption,
we compare the reading performances of intermediate learners with that of semantic
dementia patients in Fushimi et al.’s (2009) study. This comparison enables us to
examine whether the poor reading performance of lower-proficiency learners is
caused at least partly by the learners’ poor semantic knowledge of Japanese words.
As intermediate learners are at a disadvantage in terms of their L2 proficiency, or
their insufficient knowledge of the Japanese vocabulary, their reading accuracy was
expected to be similar to the patterns reported by Fushimi et al. (2009).

Experiment 1
Experiment 1 investigated RQ 1. L2 learners with high Japanese proficiency were
recruited as participants in this experiment.

Method
Participants

Postgraduate and undergraduate students majoring in Japanese or related subjects
from a university in mainland China were recruited through the social network
platformWeChat. Although all participants were studying at the same university, they
came from different districts in mainland China where Standard Mandarin is spoken
natively.4 All participants were required to have passed N1, the highest level of the
Japanese Language Proficiency Test (JLPT), within the past 5 years and to provide
their scores in a survey.5 The survey was administered to confirm that all of them were
Japanese as a foreign language learners and started formal Japanese learning while
being enrolled as undergraduates. In Experiment 1, 33 university students
(Mage = 22.71 years, standard deviation (SD) = 1.67; 6 men and 27 women) were
recruited. Two of the participants were fourth-year undergraduate students majoring
in Japanese language and literature, whereas the remainder were postgraduates
majoring in Japanese language, education, economics, or social science. Their average
score on JLPT-N1 was 149.86 points (SD = 20.34, max = 180, min = 113). The
participants’ mean duration of Japanese learning was 63.43 months (SD = 14.81,
max = 96, min = 40). They had little experience studying Japanese overseas during
their university education, except for nine postgraduate students who had spent a
maximum of 12 months in Japan. Five participants attended the pilot study, and the
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remaining 28 attended the formal experiment. The data from the formal experiment
alone were included in the analysis.

Materials and design

One hundred twenty word stimuli divided into three consistency groups, consistent,
inconsistent-typical, and inconsistent-atypical, were obtained from Fushimi et al.
(1999). Forty kanji words in each group were divided into HF and LF bands. Hence,
20 words were allocated to each of the six frequency-consistency stimulus blocks.

Procedure

The experiment was conducted in a university classroom in mainland China, with
participants attending in person and being tested individually. Each was equipped with
Japanese-made Century-SSS108VR earphones, featuring a built-in microphone for
voice recording. The session ran on Psychopy 3.0 software (Peirce et al., 2019). At the
start, participants pressed the space bar in response to a fixation point on the screen to
initiate each trial. A set of 120-word stimuli was randomly presented, each appearing for
5,000 ms followed by automatic progression to the next word. Participants were
instructed to read each word aloud as quickly and accurately as possible within the
5,000 ms. A practice phase of 10 trials preceded the experimental phase, with no
answers displayed for any trial. The entire experiment lasted approximately 15 minutes.

Analysis

The word statistical data used in Fushimi et al. (1999) were based on a corpus
published in 1970 by the National Language Research Institute. The present study
updated psycholinguistic properties of word stimuli according to the analysis of
current corpora (Table 1).

Lexical frequency

Word stimuli were reassessed using the frequency lists published in Chunagon, the
Balanced Corpus of Contemporary Written Japanese (BCCWJ), which was
developed by the National Institute for Japanese Language and Linguistics in
2021.6 Since some words in the HF group have become less commonly used, minor
adjustments were made according to the updated frequency rankings, resulting in
three to four words being shifted between the original HF and LF bands. Figure 1b
illustrates the distribution of word frequencies. After the adaptation, significant HF–
LF word band differences were confirmed in consistent (t (31.85) = 8.45, p< 0.01,
d = 2.67), inconsistent-typical (t (37.83) = 8.32, p< 0.01, d = 2.63), and
inconsistent-atypical (t (36.19) = 8.28, p< 0.01, d = 2.62) word groups.

Word reading consistency

Reading consistency was recomputed using the Jōyō Kanji and Jukugo database
(Tamaoka et al., 2017). This database was selected because (1) it provides a list of
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commonly used Japanese kanji characters and modern kanji idioms based on the
corpus derived from the Mainichi newspaper articles published between 2000 and
2010. (2) The orthographical and phonological neighbors of two-character kanji
words (Jukugo) can be accessed directly through an interactive website
(www.kanjidatabase.com). Based on the corpus, the numbers of phonological
friends and orthographic neighbors of the right- and left-side characters for each
word stimulus were calculated. Word reading consistency was computed as the
number of phonological friends/the number of orthographic neighbors (Fushimi
et al., 1999; Fushimi et al., 2009), and the average value of the reading consistencies
for the left- and right-side characters was counted as word reading consistency.
A one-way analysis of variance (ANOVA) was conducted to confirm the differences
among the three grades of reading consistency proposed by Fushimi et al. (1999).
The analysis revealed significant differences among the three consistency groups
(F (2, 117) = 217.80, mean-squared error (MSE) = 0.02, p< 0.01, η2p = 0.79),
and significant differences between inconsistent-atypical and inconsistent-typical
according to post hoc comparisons (mean difference = −0.33, standard error (SE)
= 0.03, t (2, 57) = −9.69, p< 0.01). These results indicate that the classification of
reading consistency provided by Fushimi et al. (1999) is still applicable to the
current corpus.

Tests of consistency and frequency effects

Mixed-effects modeling was used to examine the main effects of consistency and
frequency, as well as their interactions. Given that interaction effects provide a more
comprehensive understanding of participants’ sensitivity to the word statistical
prosperities, models that included the significant interaction terms were prioritized
in the model selections. Baseline models were first constructed to assess potential
confounding effects from two L1-transfer factors7: L1-orthographical similarity

Table 1. Characteristics of word stimuli in Experiment 1

Consistent
Inconsistent-

typical
Inconsistent-

atypical

Characteristic HF LF HF LF HF LF

No. of on-reading words 19 20 20 19 11 3

No. of L1 orthographic similar words 19 13 18 10 11 6

Mean word frequencya 3.77 2.66 3.72 2.87 3.74 2.45

Mean no. of orthographical neighbors Left 27.35 26.40 40.05 25.55 43.10 34.50

Right 27.25 26.70 38.75 33.70 49.05 53.00

Mean no. of phonological friends Left 27.20 26.40 29.50 18.30 14.95 14.80

Right 27.25 26.70 30.65 23.50 24.10 20.00

Mean word consistency 1.00 1.00 0.77 0.72 0.45 0.39

Note: aWord frequency is the transformed value of Log10 from the frequency list of Chunagon, BCCWJ.
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(whether the combination of the two Japanese kanji characters exists as a word in
Chinese) and pronunciation type (whether it is an on-reading word or not). If the
main effect of the two factors were non-significant, they were included as
interactions with consistency and frequency in the subsequent model constructions.
Consistency and frequency were also included as random slopes in the random
effects to account for individual variability. Within this modeling framework, a
traditional stepwise regression approach utilizing backward elimination was
employed. Models that successfully converged and avoided boundary fit issues
were then compared using a likelihood ratio test via the anova function in
R (Kuznetsova et al., 2020) for the optimal. Results of Type III Wald chi-square
(Schad, 2020) for the optimal models were reported in the main text, using car
package in R (Fox & Weisberg, 2023). Detailed results of mixed-effect model
analyses including coefficients and random effects structures8 are supplemented in
Appendix A.

To further examine the graded consistency effect and its interaction with lexical
frequency, pairwise comparisons were conducted using the emmeans package in
R (Lenth, 2023), with detailed results presented in Appendix B. To ensure the
robustness of the best-fitting model, secondary analyses were conducted using
continuous-variable models, representing frequency and consistency on a numerical
scale using data in Table 1. Rather than shifting between discrete category levels,
frequency, and consistency were treated as continuous variables, allowing the
impact of gradual, incremental changes in statistical properties to be captured. The
continuous variables were directly applied to the best-fitting model to streamline the
analysis while preserving the validated model structure.

Results
Reaction time

The RT for each word stimulus was measured from the visual presentation to the
oral response onset, using Chronset (Roux et al., 2017), an automated speech
detection tool. Mean RTs for each word class are summarized in Table 2.
Approximately 14.8% of responses, including incorrect responses and no-responses,
were invalidated and excluded from further analysis. The remaining valid responses
were analyzed using a linear mixed-effects regression model implemented in the
lmerTest package in R (Kuznetsova et al., 2017). The effects of L1-orthographical
similarity (χ2 = 0.38, df = 1, p = 0.53) and pronunciation types (χ2 = 2.58,
df = 1, p = 0.11) were not significant, as shown in Table 3. Model comparisons
(Kuznetsova et al., 2020) indicated that model RT ∼ Frequency× Consistency + (1 +
Frequency | participant) + (1 | word) provided the lowest Akaike information
criterion scores and significantly accounted for variations (χ2 = 17.17, df = 2,
p< 0.01), making it the optimal one for RT (Appendix A, Table A1). Type III chi-
Wald square test (Fox & Weisberg, 2023) showed a significant main effect of lexical
frequency (χ2 = 53.34, df = 1, p< 0.01), reading consistency (χ2 = 23.11, df = 2,
p< 0.01), and significant interactions (χ2 = 13.06, df = 2, p< 0.01). Pairwise
comparisons (Lenth, 2023) further clarified that HF words consistently produced
shorter RTs compared with LF words across all consistency levels. And a graded
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Table 2. Mean values of RT, error rates, and LARC error responses for each word class in Experiments 1
and 2

High Frequency Low Frequency

Consistency Consistent Typical Atypical Consistent Typical Atypical

Experiment 1

RT (ms) 1,019.05 1,131.13 1,117.08 1,250.54 1,383.89 1,598.75

(SD) (223.39) (223.75) (194.79) (252.15) (300.26) (344.39)

Error rate (%) 1.25 3.75 8.04 4.29 21.43 45.86

(SD) (3.23) (4.84) (6.43) (4.85) (11.04) (16.28)

LARC error (%) 0.00 2.69 4.82 0.54 11.79 31.01

(SD) (0.00) (4.61) (5.18) (1.57) (7.48) (15.45)

Experiment 2

Error Rate (%) 7.44 15.66 21.75 14.69 35.88 70.80

(SD) (10.56) (12.09) (13.81) (13.53) (18.12) (18.22)

LARC Error (%) 0.97 6.61 10.70 3.72 15.18 37.95

(SD) (2.01) (6.11) (8.06) (4.08) (8.50) (14.67)

Note: LARC = legitimate alternative reading of components; RT = reaction time; SD = standard deviation; Typical =
inconsistent-typical; Atypical = inconsistent-atypical.

Table 3. Type III Wald chi-square test results for Experiments 1 and 2

Outcome
Variable Effect Chisq df p

Reaction Time Intercept 721.09 1 < 0.001 ***

(Experiment 1) Frequency 53.34 1 < 0.001 ***

Consistency 23.11 2 < 0.001 ***

Interaction 13.06 2 < 0.01 **

Reading
Accuracy
(Experiment 1)

Intercept
Frequency
Consistency

164.89
53.36
46.83

1
1
2

< 0.001
< 0.001
< 0.001

***
***
***

Reading
Accuracy
(Experiment 2)

Intercept 50.99 1 < 0.001 ***

Frequency 46.70 1 < 0.001 ***

Consistency
Interaction

51.02
13.42

2
2

< 0.001
< 0.01

***
**

Note: Formula for reaction time: RT ∼ Frequency × Consistency + (1 + Frequency | subject) + (1 | word), the number of
observations is 2,832; Formula for reading accuracy in Experiment 1: Correct_Incorrect ∼ Frequency + Consistency + (1 |
subject) + (1 | word), the number of observations is 3,332; Formula for reading accuracy in Experiment 2:
Correct_Incorrect ∼ Frequency × Consistency + (1 + Consistency| subject) + (1 | word), the number of observations is
3,706; **p< 0.01; ***p< 0.001.
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consistency effect in RT (consistent < typical < atypical) was observed within the
LF band (Appendix B, Table B1), as shown in Figure 3.

Reading accuracy

Table 2 and Figure 4 present the mean reading error rates (ERs) for each word class.
Reading accuracy was coded as correct or incorrect and analyzed using a generalized
linear mixed model via the lme4 package in R (Bates et al., 2014). Among all
responses, 0.8% were invalidated due to irregularities during the program’s
execution.9 The procedure for model selections mirrored that used for RT. The
baseline model showed no significant main effects of pronunciation types
(χ2 = 0.24, df = 1, p = 0.62) or L1-orthographical similarities (χ2 = 0.21,
df = 1, p = 0.65). Model comparisons (Kuznetsova et al., 2020) showed that
Correct/Incorrect ∼ Frequency + Consistency + (1 | participant) + (1 | word) provided
the best fit for reading accuracy, as adding interactions did not significantly improve
model fitness (Appendix A, Table A4). Results revealed a significant main effect of
lexical frequency (χ2 = 53.36, df = 1, p< 0.01) and reading consistency

Figure 3. Reaction time with 95% confidence intervals in experiment 1. con = consistent word; typical =
inconsistent-typical word; atypical = inconsistent-atypical word. HF and LF represent high- and low-
frequency words, respectively. Error bars indicate 95% confidence intervals for within-subject
comparisons (Cumming & Finch, 2005).
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(χ2 = 46.83, df = 2, p< 0.01). The pairwise comparisons (Lenth, 2023) further
confirmed the graded consistency effect (consistent < typical < atypical), indicating
a higher likelihood of incorrect responses in words with lower reading consistency
(Appendix B, Table B2).

To further evaluate the robustness of these findings in the RT and reading
accuracy, continuous-variable models were conducted with the same structure of
best-fit models. Both consistency and frequency were treated as numeric variables
and subjected to a z-score standardization. The results were consistent with the
optimal model on RT and reading accuracy (Appendix A, Tables A3 and A6).

LARC errors

LARC errors are inappropriate responses to target two-character words. However,
the response of a single character can be a correct pronunciation when it is
combined with other kanji characters (Fushimi et al., 1999; Fushimi et al., 2003;
Fushimi et al., 2009; Patterson et al., 1995). In this study, LARC errors were defined
without regard to the kanji character’s position within the word (Fushimi et al.,
2009; Patterson et al., 1995).10

Participants’ responses were classified as correct, LARC error, or other types of
errors, and were examined using a multinomial logistic regression model

Figure 4. Mean reading error rates of Experiments 1 and 2. AD and IM represent advanced and
intermediate learner group, respectively. con = consistent word, typical = inconsistent-typical word,
atypical = inconsistent-atypical word; HF = high-frequency words, LF = low-frequency words. Error
bars are 95% confidence intervals for within-subject comparisons (Cumming & Finch, 2005).
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implemented with the nnet package in R (Ripley et al., 2016). As shown in Table 4,
the model that included the consistency × frequency term showed that LF words,
than HF words, were significantly more likely to result in LARC errors (β = 2.32,
SE = 0.21, z = 10.83, p< 0.01). Significant differences were also found between
consistent and inconsistent-atypical words (β = −14.92, SE = 0.36, z = −41.71,
p< 0.01), and between inconsistent-typical and inconsistent-atypical words (β =
−0.73, SE = 0.32, z = −2.25, p< 0.05). The interaction effect further revealed that
word frequency significantly modulated the difference between consistent and
inconsistent-atypical words (β = 9.88, SE = 0.36, z = 27.62, p< 0.01) but not the
differences between inconsistent-typical and inconsistent-atypical words (β =
−0.67, SE = 0.36, z = −1.84, p = 0.07). Pairwise comparisons (Lenth, 2023)
further indicated a significant graded consistency effect in the LF band. However,
the frequency effect was only significant in the inconsistent-typical and
inconsistent-atypical word groups (Appendix B, Table B3).

Experiment 2
Experiment 2 was aimed to address RQ 2 by engaging intermediate-level L2
learners. The oral reading task and the data analysis followed the same procedure
utilized in Experiment 1.

Table 4. Results of multinomial logistic regression analysis on LARC error in Experiments 1 and 2

Experiment 1

Fixed effects β SE z p (>|t|)

Intercept −2.85 0.19 −14.91 < 0.001 ***

Frequency 2.32 0.21 10.83 < 0.001 ***

Consistency 1 (con vs. atyp) −14.92 0.36 −41.71 < 0.001 ***

Consistency 2 (typ vs. atyp) -0.73 0.32 −2.25 < 0.05 *

Frequency × Consistency 1 9.88 0.36 27.62 < 0.001 ***

Frequency × Consistency 2 −0.67 0.36 −1.84 0.07

Experiment 2

Fixed effects β SE z p (>|t|)

Intercept −2.05 0.13 15.22 < 0.001 ***

Frequency 2.33 0.17 13.86 < 0.001 ***

Consistency 1 (con vs. atyp) −3.20 0.59 −5.38 < 0.001 ***

Consistency 2 (typ vs. atyp) −0.49 0.21 −2.32 < 0.05 *

Frequency × Consistency 1 −0.29 0.64 −0.45 0.65

Frequency × Consistency 2 −1.18 0.26 −4.54 < 0.001 ***

Note: Formula: LARC response ∼ Frequency × Consistency; con = consistent, typ = inconsistent-typical, atyp =

inconsistent-atypical; SE = standard error, SD = standard deviation; *p< 0.05; ***p< 0.001.
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Method
Participants

Experiment 2 was conducted as an online experiment.11 Participants, all
undergraduates majoring in Japanese from various universities in mainland
China, were recruited using the same procedure as in Experiment 1. Although
participants were informed that having a certain degree of Japanese proficiency was
a prerequisite to completing the experimental task, a primary criterion for inclusion
was their status as undergraduates majoring in Japanese. Their Japanese proficiency
as an intermediate level was further verified through an identical survey, as used in
Experiment 1. Ultimately, 38 university students (Mage = 20.53, SD = 1.09; 6 men,
32 women) participated. These students, ranging from second to fourth-year
students, were primarily majoring in Japanese language and literature and had
minimal Japanese learning experience prior to university enrollment. Fifteen
participants had taken the JLPT-N1, achieving an average score of 115.93
(SD = 20.24, max = 140, min = 79), with four scoring below 100 points. Eight
participants had attempted the JLPT-N2, with an average score of 124.87
(SD = 20.03, max = 148, min = 92), and three of these did not pass, scoring
below 100. The average duration of studying Japanese among the participants was
31.93 months (SD = 8.06, mix = 12, max = 59). Most participants had little to no
experience studying Japanese abroad; however, five had lived in Japan for less than
six months, and one had lived there for nearly twelve months.

Four participants attended a pilot study, while the remaining 34 were included in
the formal experiment for subsequent analysis. The materials and design used in
Experiment 2 were identical to those of Experiment 1.

Procedure

The oral word reading task was conducted online via ZOOM. Before the experiment
began, participants were required to prepare a PC equipped with a built-in
microphone. They were also instructed to ensure their environment was quiet, and
their devices were set up for Internet access and ZOOM registration. This task
utilized the same software and program as Experiment 1. Once the experiment
commenced, the experimenter presented the word stimuli using ZOOM’s screen-
sharing function, and participants’ responses were recorded using the platform’s
recording function throughout the session.

Analysis

The data analysis procedure for Experiment 2 was similar to that of Experiment 1.
However, due to network transmission delays, RTs could not be captured.
Additionally, the data from two participants were not fully recorded because of
unexpected network server errors.

As some participants had not passed JLPT, this study examined L2 proficiency
levels by assessing the reading ERs of word stimuli with intermediate levels of
difficulty. The level of L2 learning difficulties of the 120-word stimuli was assessed
using the Japanese Language Reading Tutorial System, which was developed by the
University of Tsukuba.12 The system indicated that 20 words were within the level
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N1, 43 words within N2–N3, and 15 words within N4–N5, and 42 words were not
registered within the JLPT levels. Since words in the N2–N3 level are generally
considered to be in the intermediate level, 24 words were selected from the N2–N5
difficulty level as testing stimuli. Reading ER of a 12-word set with N2–N3 levels of
difficulty was first examined, comprising six HF and six LF words. The average ER
of all the participants was 0.29 (SD = 0.18, min = 0.00, max = 0.75).
Subsequently, the remaining set of words, comprising six HF words within the
N4–N5 difficulty level and six LF words within the N2–N3 difficulty level, were
tested, and the average ER was 0.28 (SD = 0.18, max = 0.67, min = 0.00). ERs
exceeding M+2SD in both sets of words (over 0.65) were considered outliers. As a
result, one participant who had generated ERs of 0.75 and 0.67 in the first and
second sets, respectively, was excluded. Consequently, the reading accuracy of 31
participants was analyzed in the mixed-effects model.

Results
Reading accuracy

Table 2 and Figure 4 display the average percentage of reading ERs in each word
class. Due to irregularities during program execution, 0.4% of all responses were
deemed invalid. The analysis was conducted using a mixed-effects model similar to
Experiment 1. Test of the baseline model showed that the main effect of
pronunciation types (χ2 = 0.04, df = 1, p = 0.85) and L1-orthographical
similarities (χ2 = 1.26, df = 1, p = 0.26) were insignificant. Model comparisons
(Kuznetsova et al., 2020) of interaction models (details in Appendix A, Table A7)
indicated that Correct/Incorrect ∼ Frequency × Consistency + (1 + Consistency |
participant) + (1 | word) provided the best fit (χ2 = 11.60, df = 1, p< 0.01). Type
III Wald Chi-square tested (Fox & Weisberg, 2023) revealed significant effects of
lexical frequency (χ2 = 46.70, df = 1, p< 0.01), reading consistency (χ2 = 51.02,
df = 2, p< 0.01), as well as their interaction (χ2 = 13.42, df = 2, p< 0.01). The
continuous-variable model (Appendix A, Table A9) corroborated these findings.
Pairwise comparisons (Lenth, 2023) further confirmed a significant frequency effect
within each consistency level and a graded consistency effect in the LF band
(Appendix B, Table B4). The consistency effect was also significant across the HF
word band, except for the difference between inconsistent-typical and inconsistent-
atypical word groups.

LARC error

The multinomial regression analysis (Ripley et al., 2016) demonstrated a
significantly higher likelihood of LARC error responses in the LF band compared
to the HF band (β = 2.33, SE = 0.17, z = 13.86, p< 0.01). Significant differences
were observed between consistent and inconsistent-atypical words (β = −3.20,
SE = 0.59, z = −5.38, p< 0.01), as well as between inconsistent-typical and
inconsistent-atypical words (β = −0.49, SE = 0.21, z = −2.32, p< 0.05). The
interaction between word frequency and reading consistency was significant, with
the differences between inconsistent-typical and inconsistent-atypical
words significantly interacting with word frequency (β = −1.18, SE = 0.26,
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z = −4.54, p< 0.01). Pairwise comparisons (Lenth, 2023) confirmed a significant
frequency effect across all consistency groups, and a significant graded consistency
effect was captured in the LF band (Appendix B, Table B5).

Impact of L2 learning proficiency on reading accuracy

To investigate the impact of L2 proficiency, the reading accuracy data from advanced
learners in Experiment 1 was compared with that of intermediate learners in
Experiment 2. Word frequency, reading consistency, and L2 proficiency were
submitted as fixed effect factors into the mixed-effect modeling. Model comparisons
(Kuznetsova et al., 2020) revealed that a three-way interaction model, Correct/
Incorrect ∼ Frequency × Consistency × L2 Proficiency + (1 + Consistency | subject) +
(1 | word), provided the best-fit information criterion (χ2 = 21.41, df = 5, p< 0.01,
see details in Appendix C, Table C1). As shown in Table 5, this model highlighted
significant main effects for L2 proficiency (χ2 = 25.80, df = 1, p< 0.01), lexical
frequency (χ2 = 56.29, df = 1, p< 0.01), and reading consistency (χ2 = 40.99,
df = 2, p< 0.01). Significant three-way interactions between the three fixed factors
were also observed (χ2 = 12.17, df = 2, p< 0.01). These findings were also
supported by the continuous-variable model (Appendix C, Table C3), indicating a
robust three-way interaction effect. Pairwise comparisons (Lenth, 2023) confirmed
the significant impact of L2 proficiency across each frequency-consistency block, with
a notable graded consistency effect in the LF band observed in both learner groups
(Appendix C, Table C4). Additionally, the intermediate learner group exhibited
greater mean differences among the three levels of reading consistency within the LF
band, underscoring the nuanced impact of proficiency on reading performance.

Other types of errors in experiments 1 and 2

In addition to LARC errors, reading errors were categorized as one-character errors,
visual-semantic errors, disfluency errors, and “others,” which included responses

Table 5. Type III Wald chi-square test for the impact of L2 proficiency, consistency, and frequency effect
on reading accuracy (Experiments 1 and 2)

Effect Chisq df p

Intercept 157.28 1 < 0.001 ***

Frequency 56.29 1 < 0.001 ***

Consistency 40.99 2 < 0.001 ***

Proficiency 25.80 1 < 0.001 ***

Frequency × Consistency 3.43 2 0.18

Frequency × Proficiency 3.03 1 0.08

Consistency × Proficiency 0.05 2 0.97

Frequency × Proficiency × Consistency 12.17 2 < 0.01 **

Note: Formulas: Reading Accuracy ∼ Frequency × Consistency × L2 Proficiency + (1 + Consistency | subject) + (1 | word);
the number of observations is 7,038. **p< 0.01; ***p< 0.001.
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that did not fit the previous categories. Table 6 presents the mean rate of each error
type.13 As shown, one-character errors—where one kanji is pronounced correctly
within a word while the other is incorrect but not classified as a LARC error—were
notably high in the inconsistent-typical and inconsistent-atypical LF bands, both at
11.94%, in Experiment 2.

These errors highlight incomplete phonological knowledge at the sub-word level.
Visual-semantic errors occur when responses share visual and/or semantic
similarities with the target words, such as pronouncing 夜間 /ya-kaN/ as 夜中 /
yo-naka/. Disfluency errors, involving inappropriate pauses or elongated vowels,
reflect challenges in automatic phonological processing. The “others” category,
comprising “do-not-know” responses and other phonological mistakes, was
particularly prevalent in the inconsistent-typical and inconsistent-atypical LF
bands, indicating a significant lack of phonological knowledge among intermediate
learners.

Comparison with Japanese semantic dementia patients

To investigate whether the reading performance of low-proficiency learners can be
partly due to their limited semantic knowledge of Japanese words, a three-way
mixed-design ANOVA (group × frequency × consistency) was conducted. The
analysis compared the reading accuracy of two groups—the intermediate learners in
Experiment 2 and 14 observations from Japanese semantic dementia patients
reported by Fushimi et al. (2009, Table 5, p. 1066), using the lme4 and afex packages
in R (Bates et al., 2014; Singmann et al., 2015). Statistical analysis revealed a
significant effect of lexical frequency (F (1, 43) = 241.44, MSE = 93.16, p< 0.01),
and reading consistency (F (2, 86) = 166.15, MSE = 122.85, p< 0.01). Although
the main effect of group differences was insignificant (F (1, 43) = 1.76,
MSE = 865.02, p = 0.04), the interaction between consistency and frequency
effect proved to be significant (F (2, 86) = 21.92, MSE = 70.19, p< 0.01). Post-hoc
comparison (Lenth, 2023) further indicated robust graded consistency effects in
each frequency band for both groups (Appendix D, Table D2), as shown in Figure 5.

Discussion
The results of Experiments 1 and 2 collectively demonstrate consistency and
frequency effects on reading performance among advanced and intermediate L2
learners of Japanese. As expected from the reasoning for RQ 1, the consistency and
frequency effects can be extended to L2 learners. Generally, words with lower
reading consistency and lexical frequency led to longer RTs (Experiment 1), lower
reading accuracy, and higher rates of LARC errors. Continuous-variable model
analyses confirmed these findings by capturing the impact of reading consistency
and lexical frequency quantitatively.

For RQ 2, this study indeed demonstrated the influence of L2 learning
proficiency, which leads to different patterns of the two effects in reading accuracy.
The results tend to verify the second prediction: that low-proficient learners exhibit
increased sensitivity to reading consistency and frequency, particularly in the quasi-
regular structure reflected in the graded consistency effect. For advanced learners
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(Experiment 1), the interaction effect and the graded consistency effect, limited to
the LF band, were notably detected in RT, whereas no interaction effect was
significant in reading accuracy. This pattern shared similarities to native Japanese
healthy adult speakers (Fushimi et al., 1999), indicating that advanced learners
tended to be more subject to the statistical properties in terms of processing
automaticity, rather than accuracy. In contrast, intermediate learners (Experiment
2) were more sensitive to the two statistical properties and their interactions. Results
of the three-way interaction model, as well as pairwise comparisons, further
confirmed a robust graded consistency effect in reading accuracy. This can be due to
the lack of consolidated word phonological or semantic knowledge for L2 low-
proficient learners. The analysis of other error types implied the former:
intermediate learners produced more one-character errors and “other” errors
(including no-response errors) compared with high-proficient learners. Moreover, a
high degree of approximation in reading accuracy patterns between intermediate
learners and Japanese SD patients (Fushimi et al., 2009) adds further support to the
latter. Although the difference between intermediate learners and semantic
dementia patients was not statistically significant, the graded consistency effect
remained robust across each frequency band, suggesting that both groups struggle to
activate robust semantic knowledge. Collectively, these findings indicate that less
proficient learners rely heavily on statistical properties and occasionally lack
sufficient phonological/semantic knowledge of Japanese kanji.

Table 6. Mean rates of different types of errors for each word class in Experiments 1 and 2

High frequency Low frequency

Consistency Consistent Typical Atypical Consistent Typical Atypical

Experiment 1

Correct answers 98.75 96.25 92.14 95.54 78.57 54.32

LARC errors 0.00 2.68 4.82 0.10 11.79 31.39

One-character errors 0.89 0.54 1.25 2.50 4.29 3.38

Visual-semantic errors 0.36 0.36 1.43 1.43 2.32 3.04

Disfluency errors 0.00 0.00 0.00 0.00 0.00 0.00

Others 0.00 0.18 0.71 0.36 3.39 7.50

Experiment 2

Correct answers 92.56 84.34 78.25 85.31 64.12 29.20

LARC errors 0.97 6.61 10.70 14.69 15.18 37.95

One-character errors 5.32 4.84 6.45 8.39 11.94 11.94

Visual-semantic errors 0.17 1.45 6.48 1.45 2.42 2.27

Disfluency errors 0.00 0.65 0.32 0.81 0.32 1.29

Others 1.29 3.73 1.66 3.40 5.71 11.43

Note: LARC = legitimate alternative reading of components; Typical = Inconsistent-typical; Atypical = inconsistent-
atypical.
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Finally, the frequency-modulated consistency effect, that is, the LF-constrained
graded consistency effect, was observed both in reading accuracy and LARC errors
across each L2 proficiency group. This is consistent with the theoretical models, as
shown in Figure 2 and other connectionist neural network, where HF exposure
strengthens phonological-semantic connections, minimizing the graded consistency
effect due to the compensation of our semantic knowledge.

General discussion
L2 phonological processing and statistical learning

This study demonstrated that two statistical properties, that is, lexical frequency and
reading consistency, in Japanese kanji words have a robust impact on word
phonological processing for L2 Japanese learners. It further suggests that statistical
learning is an essential capability that can provide insights into both L2 word
phonological processing and L2 acquisition.

Regarding the former consideration, L2 word phonological processing, the two
experiments in this study indicate that similar to native speakers of Japanese, L2
learners are disadvantaged in terms of processing accuracy and automaticity

Figure 5. Mean reading accuracy of L2 intermediate learners and Japanese semantic dementia patients.
The figure depicts the mean reading accuracy for each word class. SD = Japanese semantic dementia
patients in the study by Fushimi et al. (2009); IM = second-language (L2) intermediate learners in
Experiment 2; con = consistent word, typical = inconsistent-typical word, atypical = inconsistent-
atypical word. HF and LF represent high- and low-frequency words, respectively. Error bars indicate 95%
confidence intervals for within-subject comparisons (Cumming & Finch, 2005).
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(reflected in RTs) for words with weak statistical properties. This phenomenon can
be explained as the interaction between word statistical property and semantic
memory. This finding is of particular significance for participants who are
L1-Chinese speakers and whose writing system shares similarities with the Japanese
kanji system. Although earlier studies extensively discuss the facilitating/inhibitive
effects of L1 transfer, they have minimal focus on the commonalities with
L1 speakers in Japanese word processing. However, the results of the mixed-effects
model analysis indicated that L1-orthographical similarities and on-reading
words had only minimal impact, at least in this study, whereas lexical frequency
and reading consistency had significant effects. As this study did not focus on
L1 transfer and used the word stimuli that were initially designed for Japanese
natives, relevant materials were probably not suitable for detecting L1 transfer
effects.

Regarding the second consideration, L2 acquisition, this study implies that L2
learners may encounter difficulties in word phonological processing on words with
inherently weak statistical properties, that is, when the constituent character of a
kanji word has multiple pronunciations or low lexical frequency. Statistical learning
is assumed not to be consciously captured in explicit learning contexts, as observed
in L1 acquisition through natural linguistic input/output. This study provides
evidence of the impact of such statistical learning on L2 acquisition.

L2 proficiency features in naming Japanese Kanji words

L2 learners with different proficiency levels have different sensitivities toward word
statistical properties. This phenomenon indicates that statistical learning in L2
acquisition is a perpetually dynamic process. With the enhancement of L2
proficiency, the performance of word phonological processing converges to that of
Japanese native speakers. This can be elaborated, as suggested by the triangle neural
connectionist network model (Halai et al., 2018; Patterson & Lambon Ralph, 1999;
Seidenberg & McClelland, 1989; Ueno et al., 2014), as follows: The distribution of
weight among phonological, orthographical, and semantic presentations is evolving
in the language acquisition process. This further suggests that L2 learners with
different levels of language proficiency face different challenges in the process of L2
acquisition. Although high-proficiency learners may focus on enhancing processing
automaticity, those with limited L2 proficiency may consider processing accuracy to
be of paramount importance.

Conclusions and limitations
The current study indicated that word statistical properties, that is, reading
consistency and lexical frequency, significantly affect the L2 oral reading
performance of Japanese kanji words. It provides evidence that statistical learning
is the foundation of L2 word phonological processing, where words with weaker
statistical property negatively affect processing accuracy and speed. Further, the
impact of word statistical property is modulated by different levels of L2 proficiency.
Specifically, the reading accuracy of less proficient L2 learners is highly vulnerable to
the impact of the quasi-regular structure when words are in low lexical frequency.
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These results can be interpreted by not only the achievement gap in L2 proficiency
but also the interaction between semantic memory and word statistical properties in
Japanese phonological processing.

Several limitations in this study warrant further exploration. First, the features of
L1 knowledge need to be further clarified in understanding the difficulties of
Japanese Kanji word processing. Although the confounding effects of the two L1-
transfer factors were not observed in the present study, the existence of
orthographical parallels to Chinese can potentially activate both Japanese and
Chinese semantic representations. For instance, both Japanese kanji and Chinese
characters can be read using phonemic or semantic radicals. In the Chinese
character 錶 (watch), the semantic radical 金 (gold) suggests its meaning, while the
phonemic radical 表 indicates pronunciation, as in other characters like 裱,
pronounced “biao.” L2 learners may practice this orthographic-to-phonology in
radical parallels for Japanese kanji which leads to reading errors, although not due to
any lack of word semantic knowledge. Therefore, it is necessary to ascertain whether
the lack of vocabulary (semantic knowledge) is the cause of an issue or whether the
incomplete knowledge of the word phonological presentation is responsible for
erroneous responses in future work. Second, while L2 proficiency was assessed
through JLPT scores and academic background, some participants lacked formal
test results, and future studies could benefit from using standardized online
proficiency tests. Furthermore, the word materials used in the two experiments may
have exceeded the reading proficiency level of less proficient learners, suggesting a
need to adjust difficulty levels in future studies.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/S0142716425000128

Replication package. All data, supplementary materials, and analysis code for this study are available at the
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Notes
1 Whether the access to the phonological presentation of a kanji is directly mediated by its lexical semantics
remains unclear (Hino et al., 2017; Wydell et al., 1993). However, reading knowledge from the whole-word
level is not exclusive to the activation of word meaning. Fushimi et al. (1999) used non-word kanji items
(e.g., 神間, meaningless but made up of two single kanji characters and still pronounceable) as stimuli in
their second experiment and clarified that the reading of such items was based on a whole-word (non-word)
level phonological processing.
2 The categorization of consistent and inconsistent Japanese kanji words did not originate with Fushimi
et al. (1999). Wydell et al. (1995) first introduced this classification based on whether each constituent
character had a single on-reading pronunciation. As the categorization of reading consistency in Wydell
et al. (1995) did not prove robust impact in oral reading tasks, the present study adopts the measure of
reading consistency proposed by Fushimi et al. (1999), which is grounded in the statistical property of kanji
pronunciation.
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3 The consistency effect of Japanese kanji word reading is also known as the phonological-orthographic
consistency effect (Hino et al., 2011; Hino et al., 2017).
4 Although Standard Mandarin is the official language of natives in mainland China, dialects may
potentially play a part in Japanese word phonological processing. However, as earlier studies have rarely
reported dialects’ impact on the L2 acquisition of Japanese kanji reading and it is beyond the scope of this
study, dialects are not considered in this study. Although Standard Mandarin, known as Simplified Chinese,
is used exclusively in mainland China, the fundamental semantics of Mandarin allow for an understanding
of Traditional Mandarin.
5 The survey sheet is present in the OSF file Recruitment of the Participants (https://osf.io/9r8av/).
6 For further information on the word frequency list, see https://clrd.ninjal.ac.jp/bccwj/bcc-chu.html.
7 Although orthographical, phonological, and semantic similarities between Japanese kanji and Chinese
characters are beyond this study’s scope, their influence cannot be ignored. For instance, several on-reading
Japanese kanji words were reported to have advantages in the reading performance of L1-Chinese learners
(Kayamoto, 2000, 2002; Matsumi et al., 2014).
8 In the mixed-effects model analyses, contrasts for categorical variables (reading consistency and lexical
frequency) were set to sum contrasts. This choice aligns with the focus on testing main effects and
interactions in an orthogonal manner to prevent redundancy in variance estimation and ensure clear
interpretation of interactions (Schad et al., 2020).
9 Irregularities refer to the program running errors that are occasionally activated in Psychopy 3.0, such as
the skipping of word stimuli, or the duration of word stimuli is less than 5,000 ms or more than this value
owing to network transmission lags in ZOOM broadcasts. The occurrence of such irregular situations is
generally unpredictable and unavoidable in online experiments. Additionally, as reading accuracy focuses on
the correctness of word pronunciation, incorrect responses, and no-response errors were included in the
analysis and coded as reading errors.
10 By definition, no LARC error is supposed to be observed in consistent words as there is no alternative
pronunciation of the constituent kanji within the words. However, one LARC error was observed in the LF
consistent word group, in which the pronunciation of the first kanji character had a second legitimate
pronunciation when read as part of people’s names. The other two LARC errors were observed for kanji
characters with rarely seen pronunciations, that is, the kanji character 軍 in the word 軍備/guN-bi/
(ministry force) was pronounced as /kuN/ and the character 材 in the word 製材/sei-zai/ (sawing) was
pronounced as /sai/. Such a case was observed in the oral word reading performance by the semantic
dementia patient NK (Patterson et al., 1995, p. 162), such that : : : she even produced one such error to a
Consistent word; if these words are supposed to have no alternative readings of their components, how can
this be : : : one of the characters in this word does have a kun-reading. The fact that this alternative reading
does not appear in the very standard dictionary that we had consulted shows how rare it is, but NK clearly
knew the alternative reading of this character and used it in this misreading. Hence, this study addressed the
LARC error in consistent words in an identical fashion.
11 Owing to the spread of the coronavirus disease 2019 epidemic in mainland China, Experiment 2 was
conducted online. To ensure an adequate number of participants with intermediate L2 proficiency, Japanese
as a foreign language learners were recruited from different universities in mainland China.
12 For further information, see ∼https://www.intersc.tsukuba.ac.jp/∼kyoten/chuta/.
13 In the oral reading tasks, self-corrections in responses were occasionally observed for the word stimuli. While
such responses were ultimately considered correct, the types of errors were recorded if they occurred in trials with
self-corrected responses. As a result, in some cases, the total error rates across different types exceeded 1.
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