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Abstract
Executive functions (EF) have long been recognized as critical factors in ac-
counting for individual differences in literacy development. However, their
role in second language (L2) learning, particularly in non-alphabetic languages
such as Chinese, has not been fully explored. This study endeavored to exam-
ine the role of EF in word reading among 200 Chinese as a second language
(CSL) learners in Hong Kong. Participants completed a series of tasks measur-
ing EF components, including inhibition, visual working memory, verbal work-
ing memory, and cognitive shifting, as well as tasks assessing their word read-
ing abilities, which encompassed both single-character reading and two-char-
acter word reading. The contributions of EF to the total word reading score,
single-character reading, and two-character word reading were analyzed. The
results demonstrated that visual working memory and inhibition emerged as
unique and significant predictors. Moreover, EF explained a greater propor-
tion of variance in two-character word reading compared to single-character
reading, suggesting that the cognitive demands of reading two-character
words in Chinese differ from those of single-character reading. Additionally,
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we examined the moderating effect of age on the relationship between EF
and word reading. No significant moderating effect was found, indicating a
constant contribution of EF to word reading across different age groups
among CSL learners. These findings offer valuable theoretical insights into the
role of EF in L2 literacy development and suggest practical pedagogical strat-
egies for enhancing word reading skills among CSL learners.

Keywords: word reading; executive functions; Chinese as a second language;
single-character reading; two-character word reading

1. Introduction

Executive functions (EF) refer to a set of cognitive processes that are crucial for
controlling behavior, managing complex tasks, and achieving goals. These func-
tions are essential for effective learning and problem-solving across various do-
mains, including language acquisition (e.g., Gooch et al., 2016; Kaushanskaya et
al., 2017). The contribution of EF to word reading has been well documented in
both native and second language learners of alphabetic languages (e.g., Burgoyne
et al., 2019; Chalmers & Freeman, 2018; Raudszus et al., 2019). In the context of
Chinese word reading, which entails recognizing and comprehending logo-
graphic characters, EF are anticipated to play a crucial role in decoding, retaining,
and retrieving linguistic information. This perspective is supported by research
on native Chinese learners (e.g., Chung & McBride-Chang, 2011; Fong & Ho,
2022), while a significant gap persists in understanding how EF impact word
reading among learners of Chinese as a second language (CSL).

Exploring this topic further is crucial due to its theoretical and practical
implications. The cognitive mechanisms underlying the relationship between EF
and word reading may differ between native and second language learners due
to their distinct language learning experiences (Sparks, 2019). Additionally, dif-
ferences in grapheme-phoneme-meaning correspondences across languages,
particularly between alphabetic and non-alphabetic languages like Chinese, may
affect the association between EF and word reading (Georgiou et al., 2020). This
study, which examines the role of EF in word reading among CSL learners, aims
to deepen our understanding of how cognitive skills affect literacy development
in second language learners. To the best of our knowledge, it is one of the pio-
neering studies investigating the impact of EF on Chinese word reading in CSL
learners, making a significant contribution to the theoretical understanding of
this field. More importantly, understanding these associations in CSL learners is
particularly important as the number of individuals learning Chinese as a second
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language has steadily increased over the past decade (Gong et al., 2020). The
complex nature of Chinese characters and their formidable orthography pose
significant challenges for CSL learners, often hindering their progress in master-
ing the language (Leong et al., 2011; Liao et al., 2022). In response to these chal-
lenges, there is a growing demand for tailored instructional methods that can
effectively support CSL learners. Our study will shed light on the cognitive mech-
anisms involved in mastering Chinese as a second language, ultimately contrib-
uting to the development of instructional strategies that best facilitate CSL
learners’ word reading abilities.

2. Literature review
2.1. The complexity of Chinese word reading

Word reading in Chinese is unique and complex due to the distinctive features
of the written Chinese system. Characters are the fundamental units of the Chi-
nese writing system, composed of strokes arranged in specific patterns within a
square block. A Chinese character can range from being simple, with just a few
strokes, to highly complex, involving many strokes. For example, the character

—” (yatl), meaning “one,” consists of a single horizontal stroke, while “%&”

(watl), meaning “dense” or “melancholy,” is composed of more than twenty
strokes. While strokes are the smallest units of Chinese characters, radicals serve
as the basic building blocks, typically providing clues about the character’s
meaning or pronunciation. For instance, in the character 75 (zik6, tide), ; (water)
is the semantic radical indicating the meaning of the character, while % (zik6) is
the phonetic radical indicating the pronunciation. According to Shu et al. (2003),
over 90% of Chinese characters are compound characters, consisting of a phono-
logical and a semantic radical. However, unlike alphabetic scripts with regular form-
sound correspondences, fewer than 30% of commonly used compound characters
in Chinese are completely consistent with the sound or meaning clues provided
by the radicals (He et al., 2005). Therefore, knowledge of semantic and phonetic
radicals can be misleading in some situations. Furthermore, due to the limited
number of radicals (around 600; Shu, 2003), characters often share radicals,
leading to visual resemblances between characters (e.g., J& [je5, smelt] and 35 [zi6,
cure]). The visual complexity, including the interweaving strokes within a square
block and the resemblance between characters, requires learners to engage in vis-
ual and spatial recognition, making the memorization and recall of characters a cog-
nitively demanding task. Additionally, the complexity of the correspondence
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between radicals and character sound/meaning further poses a significant challenge
for learners, particularly those whose first language uses an alphabetic system.

Unlike alphabetic languages, whose basic units of the writing system cor-
respond to words, each Chinese character represents a morpheme, the smallest
unit of the combination of sound and meaning. While some morphemes in Chi-
nese serve as words independently, appearing as single-character words (such
as LI [saan1, mountain]), the majority of Chinese words (over 70%) consist of
two morphemes, appearing as two-character words (Pan et al., 2021). Com-
pounding is the primary method of word formation in Chinese (Tong et al., 2017),
and morphemes can be recursively used to compound words. For instance, X
[tin1] (sky) can form compound words such as X{& ([tin1] sky + [gaa3] price,
high price) and X & ([tin1] sky + [tong4] space, heaven). However, two-charac-
ter word reading in Chinese should not be viewed as merely processing two sin-
gle characters in sequence. In a recent study by Tsang and Zou (2022) using
event-related potentials (ERPs), both character-level and word-level variables
(e.g., character-level variable: stroke numbers; word-level variable: pseudo-
word status) were found to jointly influence ERP signals during two-character
word recognition within the same time window. This finding indicates that two-
character words are not completely accessed character by character. Similarly, a
study by Lo et al. (2019) revealed that the ERP sensitivities of single-character
and two-character word reading differed, suggesting distinct neuro-cognitive
processes for these two types of word reading. Moreover, recent studies have
shown that two-character word reading can be more demanding than single-
character reading (e.g., Pan et al., 2021; Wang & McBride-Chang, 2016; Yang et
al., 2024). For example, in the study of Pan et al. (2021), conducted among 337
Hong Kong Chinese children in grades 1-3, morphological awareness was found
to uniquely account for the variance in two-character word reading among, even
after controlling for single-character reading. Given the vast number of Chinese
words, primary learners often encounter unfamiliar words during reading. How-
ever, the question of whether cognitive skills like EF are differentially required
for single-character reading versus two-character word reading has been far less
explored. To gain a deeper understanding of these two reading processes, this
study examines and compares the contributions of EF in both processes.

2.2. EF and word reading
Word reading is a foundational skill critical for literacy development (Beck & Juel,

1995; Garcia & Cain, 2014; Gough & Tunmer, 1986) as it enables learners to de-
code, understand, and engage with written text. Word reading is supported by
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various linguistic and cognitive skills, including executive functions. In recent years,
an increasing number of studies have focused on the association between EF and
word reading (e.g., Chalmers & Freeman, 2018; Chung et al., 2018; Haft et al.,
2019; Liu et al., 2018; Nouwens et al., 2017; Spencer et al., 2020; Yang & Qiao,
2021). According to the classic study by Miyake et al. (2000), EF consist of three
core components, validated by empirical evidence: inhibition, attention shifting,
and working memory. Inhibition refers to the ability to suppress automatic, dom-
inant, or prepotent responses in situations where such reactions are inappropriate
(Diamond, 2013; Kieffer et al., 2013), which is essential for controlling impulses, re-
sisting distractions, and maintaining focus on relevant tasks. Attention shifting, also
known as cognitive flexibility, involves the capacity to switch between different
tasks, mental sets, or operations, which is particularly important for adapting to
changing demands or priorities (Miyake et al., 2000). Working memory is the men-
tal workspace for temporarily holding and manipulating information, enabling in-
dividuals to keep track of relevant information and update it with new inputs (Di-
amond, 2013). Working memory is theorized to consist of visual and verbal sub-
systems (Baddeley et al., 2010; Cronin et al., 2020), responsible for processing vis-
ual and verbal information respectively (Olivers & Roelfsema, 2020; Schwering &
MacDonald, 2020). These components are distinct but interrelated, collabora-
tively facilitating complex cognitive processes.

In the process of word reading, visual and verbal working memory enable
readers to retain and manipulate visual and phonological information, underpin-
ning the connection between the written form and the sound or meaning of a char-
acter or word (Peng et al., 2018; Pham & Hasson, 2014; Vales & Smith, 2015). Inhi-
bition plays a crucial role in suppressing irrelevant information and distractions,
allowing readers to focus on translating written symbols into understandable char-
acters or words (Christopher et al., 2012; Spiegel et al., 2021). Attention shifting
allows readers to efficiently switch between individual characters or words, ensur-
ing that the word reading process is smooth and proficient (Spiegel et al., 2021).
Given the complexity of written Chinese, certain EF components can be particu-
larly important. For example, word reading may require a high level of visual work-
ing memory to retain the complex shapes of characters. Additionally, inhibition is
necessary to filter out similar-looking characters that might cause confusion and to
manage the complex correspondence between radicals and characters.

Previous studies have documented the link between EF and word reading
in native Chinese learners (e.g., Chung et al., 2018; Deng et al., 2019; Lan et al.,
2011; Liu et al., 2018; Yang & Qiao, 2021; Zou et al., 2022). For instance, Chung
et al. (2018) found that EF skills explained about 10% of the variance in word
reading among 369 native Chinese kindergarteners. Furthermore, a longitudinal
study by Ren et al. (2022) found that EF evaluated during preschool years were
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a significant predictor of subsequent word reading performance from Grades 1 to
3. However, the importance of individual EF components seems to vary across stud-
ies. In the study of Zou et al. (2022), no significant association between attention
shifting and word reading was found among native Chinese students from Grade 3
to Grade 5. Moreover, previous findings suggest that the importance of EF compo-
nents may vary among learners with different proficiency levels. In the study con-
ducted by Fong and Ho (2022), working memory was correlated with poor readers’
word reading but not with that of typically developed readers. They also reported
that inhibition predicted word reading in poor readers only, while attention shift-
ing’s predictive power was significant only for typically developed readers.

2.3. Effect of EF on word reading among CSL learners

Although the relationship between EF and word reading has been extensively
studied in native learners, it has received considerably less attention in second
language (L2) learners, especially those learning Chinese as a second language
(CSL). In a recent study by Yang et al. (2023), working memory significantly ex-
plained the variance in two-character word reading among 252 CSL undergrad-
uates. However, a more comprehensive and systematic investigation is still
needed, which would provide a clearer picture of how cognitive factors under-
pin word reading performance among L2 learners.

Generally, L2 learners experience both a limited quantity and quality of
written and oral exposure compared to native learners (Jiang, 2018). Jiang and
Wu (2022) found that English L2 learners exhibit a priming effect for both se-
mantically related pairs (e.g., words that are both orthographically similar and se-
mantically related, such as listen — listener) and orthographically similar pairs (e.g.,
words that are only orthographically similar, such as freeze — free), whereas native
learners show a priming effect primarily for morphologically related pairs. The
authors explained that this phenomenon may stem from the limited written in-
put L2 learners received, leading them to be more influenced by the ortho-
graphic forms of characters or words. For CSL learners, it was also found that
CSL learners pay more attention to orthographic features in recognizing Chinese
characters (Wang et al., 2003).

In addition, L2 learners have also been found to frequently use their first
language (L1) as an interlanguage (e.g., Derakhshan & Karimi, 2015; Laksh-
manan & Selinker, 2001). Consequently, L2 learners often exhibit the influence
of L1 in their L2. In the context of CSL, Lin and Childs (2010) observed that they
followed the horizontal orientation of writing in alphabetic languages to perceive
the structure of Chinese characters. Jiang and Feng (2022) also documented that
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CSLlearners whose L1 is alphabetic (e.g., English) tend to employ more analytic meth-
ods for recognizing Chinese characters, focusing on strokes and subcomponents.
However, this approach may not always be effective. As Loh et al. (2021) noted, CSL
learners often decompose radicals into meaningless strokes and subcomponents.
Considering such influence of L1 and limited exposure, it is plausible to assume that
CSL learners rely more on EF to process the written form of characters.

Another critical question is whether there is a potential difference in the
contribution of EF to CSL learners’ word reading between younger and older stu-
dents. On the one hand, the EF skills develop quickly during primary period (Dia-
mond & Lee, 2011; Roebers et al., 2012); on the other hand, research on CSL learn-
ers has documented that word reading has been consistently important during stu-
dents’ literacy development (e.g., Liao et al., 2022; Wong, 2017). This evidence
raises a concern whether the relationship between EF and word reading varies with
age. Research has indicated that EF may be peripheral to domain-specific knowledge
during reading, such as orthographic and morphological knowledge (e.g., Kim, 2015,
2019). Specifically, EF primarily assist manipulating domain-specific knowledge dur-
ing reading, which in turn supports word reading (Kim, 2019). As students advance
in age and accumulate more linguistic knowledge (e.g., orthographic and vocabu-
lary knowledge), their proficiency in utilizing domain-specific skills improves. This
enhanced proficiency may thereby reduce cognitive load (Perfetti, 2007), poten-
tially decreasing the reliance on EF over time (Dong et al., 2020). However, due to
variations in learning experiences, the role of EF in word reading might be complex
among CSL learners. Loh et al. (2018) reported that different aspects of ortho-
graphic knowledge develop at various stages of learning among CSL learners. Spe-
cifically, visually perceived knowledge is usually acquired earlier, whereas more im-
plicit knowledge, such as semantic and phonological information of radicals, de-
velops later. This implies that CSL learners may continue to rely on EF to manage
different newly acquired orthographic knowledge to facilitate word reading, even
as they age. Nevertheless, it is necessary to examine the effect of age on relation-
ship between EF and word reading. This can provide insights into how CSL instruc-
tion can be tailored to meet the cognitive needs of learners at different develop-
mental stages, which is vital for developing age-appropriate interventions that sup-
port literacy development in CSL learners.

3. The present study

The study aims to examine the contributions of of EF to word reading among CSL
learners. In recent years, the number of CSL students in Hong Kong has increased
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significantly, reaching over 26,000 in the 2021/22 academic year (Equal Oppor-
tunities Commission, 2022). These students are typically from ethnic minority
communities, often descendants of Southeast Asian immigrants, with languages
such as Urdu, Hindi, or Tagalog as their first or family language. They are consid-
ered CSL learners with an alphabetic first language background (e.g., Loh et al.,
2018). Due to substantial differences between Chinese and their first languages,
these CSL learners often find it challenging to learn Chinese. Previous research
suggests that CSL students generally fall behind their native peers by 3-4 years
in terms of Chinese language proficiency (Leung et al., 2011; Liao et al., 2022;
Wong, 2017; Wong & Zhou, 2022). The difficulties in word reading undermine
their confidence in learning Chinese, which in turn hampers their social integra-
tion (Loh et al., 2021; Wong, 2017). Therefore, there is a pressing need for tailor-
made approaches to effectively assist CSL learners in mastering Chinese (Gong
et al., 2020). To address this need, the present study proposes three research
guestions focusing on enhancing their word reading abilities:

RQ1: Do EF significantly predict Chinese word reading among CSL learners?

RQ2: If yes, do EF contribute differently to single-character reading and two-
character word reading?

RQ3: Does the impact of EF on word reading differ across various age groups
among CSL learners? If so, how does the influence of each EF compo-
nent change with age?

4. Methods
4.1. Participants

Participants in the study comprised 200 non-native Chinese children attending a
local public primary school in Hong Kong. The cohort included 81 students from
Grade 3 and 119 students from Grade 5. The mean age of the Grade 3 students
was 9.20 years (SD = 0.84), while the Grade 5 students had a mean age of 12.08
years (SD = 0.65). According to self-reported data, 92% of the Grade 5 participants
had resided in Hong Kong for 10 to 12 years, and 89% of the Grade 3 participants
had lived in Hong Kong for more than seven years. Despite Chinese being the
dominant language in Hong Kong, many of these children live in culturally segre-
gated communities where they primarily communicate with their families in their
heritage language. As a result, many CSL students continue to find learning Chi-
nese quite challenging, even after living in Hong Kong for several years.
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4.2. Measurements

A set of tasks was developed to evaluate learners’ word reading abilities and EF.
Additionally, age, socioeconomic status (SES), nonverbal intelligence, vocabu-
lary knowledge, morphological awareness, and orthographic awareness were
included as control variables, given their established influence on word reading.
Details of these tasks are provided below.

4.2.1. Word reading

The word reading task was designed based on the work of Wang and McBride-
Chang (2016). It comprised two types of tasks: 50 single characters and 100 two-
character words. Students were asked to read the printed characters aloud in
sequence, with their accuracy assessed by trained research assistants. The max-
imum score for this task was 150. Full points were awarded for correct pronun-
ciation of single characters or two-character words, while half-points were given
for minor errors, such as incorrect tone or rhyme in a single character, or mis-
pronunciation of one character in a two-character word. All items were chosen
from Chinese textbooks used in local primary and secondary schools in Hong
Kong. The Cronbach’s alpha for the task was .996.

4.2.2. Executive functions

Inhibition was assessed by a modified version of the Stroop Color-Word Test,
adapted from Van Der Elst et al. (2008). The test consisted of three sub-tasks, each
containing 51 items. The first two tasks were conducted under congruent condi-
tions. In the first sub-task, participants were required to identify the color of a
pattern (red, blue, or yellow) by pressing corresponding keys on the keyboard (e.g.,
“A” for red, “G” for blue, “L” for yellow). In the second sub-task, participants re-
sponded to the color indicated by the meaning of a Chinese character displayed
on the screen. The third sub-task was performed under incongruent conditions,
where the stimuli were Chinese characters printed in colors that did not match
their meanings (e.g., the character “41"” [red] printed in blue). Participants had to
respond to the color of the character while ignoring its meaning. Reaction times
for each item were recorded, and the final inhibition score was calculated using
the formula: Task Il — [(Task | + Task 1) / 2]. A lower score indicated better inhibi-
tion ability. The Cronbach’s alpha for this task was .762.
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Attention shifting was evaluated by means of the Wisconsin Card Sorting
Test (WCST), following the procedure established by Grant and Berg (1948). In this
test, participants were presented with four key cards at the top of the screen, each
differing in color, shape, and number: a red circle, two green triangles, three yel-
low crosses, and four blue stars. Response cards appeared individually at the bot-
tom of the screen, and participants were required to match each response card
to one of the key cards based on attributes such as color, shape, or number. The
sorting criteria were not provided, requiring participants to infer them from the
feedback given after each choice. The sorting rules changed every 10 items, and
the test comprised 60 items. The number of categories completed was used to
measure attention-shifting ability. The Cronbach’s alpha for this task was .700.

Verbal working memory was measured by means of the Backward Digit
Span Task, adapted from Liu et al. (2019). During this task, participants listened to
a sequence of recorded digits and were required to recall the sequence in reverse
order. The length of the digit spans increased sequentially from two to eight, with
each length containing two items. One point was awarded for each correctly re-
called sequence, with a maximum possible score of 14. The task was terminated
if the participant incorrectly answered two items with the same length. The final
score for verbal working memory was determined by multiplying the longest span
with the number of correct responses. The Cronbach’s alpha for this task was .724.

Visual working memory was assessed using a task adapted from Van de Wei-
jer-Bergsma et al. (2015). Participants were presented with a nine-box grid in the
center of the screen. In each item, a pattern appeared one at a time in various
positions within the grid, following a specific sequence. Participants were then re-
quired to recall and reproduce the sequence in the opposite order by clicking on
the corresponding boxes in the grid. The number of grids that the pattern showed
up in increased sequentially from two to eight, with each sequence length contain-
ing two items. For each correctly recalled sequence, participants were awarded
one point, with a maximum possible score of 14. The task was terminated if the
participant incorrectly answered two items with the same number of grids. The
score of the task was calculated by multiplying the longest span by the total num-
ber of correct responses. The task demonstrated a Cronbach’s alpha of .743.

4.2.3. Controlled factors

Age, SES, nonverbal intelligence, vocabulary knowledge, morphological awareness,
and orthographic awareness have been found as main factors influencing literacy out-
comes, particularly word reading (e.g., Corso et al., 2016; Ho et al., 2003; Kuo & An-
derson, 2006; Zhou, 2021). By controlling these variables, we aimed to isolate the
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specific contribution of executive functions to word reading, thereby providing a
clearer understanding of their unique role in Chinese reading.

Age and SES data were collected through a questionnaire. Housing type
was set as the proxy for SES, following the approach of Fuller-Thomson et al.
(2000). The five housing categories — private housing estates and serviced apart-
ments; home ownership scheme courts; village houses; public housing estates;
and partitioned flats — were assigned scores from 5 to 1, respectively, represent-
ing a gradient from high to low SES.

Non-verbal intelligence was assessed using the Raven’s Progressive Matri-
ces test (Raven, 2003). Each item presented a visual geometric pattern with a
missing segment, and participants had to select the correct piece from six op-
tions to complete the pattern. The total score of the task was 24, with one point
per item. The test demonstrated high reliability, with a Cronbach’s alpha of .970.

Vocabulary knowledge was measured by means of the Peabody Picture
Vocabulary Test, Fourth Edition (PPVT-4, Dunn & Dunn, 2007). In the context of
this study, the test was translated into Chinese in both directions by experienced
translators. Participants were required to select one of four pictures that best
matches the meaning of the spoken word. There were 72 items included, with
one point per item. The Cronbach’s alpha for the task was .981.

Orthographic awareness was evaluated using a task adapted from Ho et
al. (2003). Participants were asked to determine whether a printed pattern was
a genuine Chinese character or a pseudo-character. The task consisted of 160
items, evenly divided between real and pseudo-characters, with each correct
response earning one point. The real characters were sourced from the Fre-
quency Statistics of Commonly Used Modern Chinese Characters (Ho & Kwan,
2001), and the 80 pseudo-characters were based on common student errors.
Both frequency effects and stroke number effects were considered during the
selection process. The Cronbach’s alpha for the task was .997.

Morphological awareness was evaluated using a task adapted from Kuo
and Anderson (2006). Participants were asked to determine whether the first
character of an orally presented word was semantically related to the meaning
of the entire word. The selected words were familiar to the children in their oral
language. The task contained 30 items, with one point per item. The Cronbach’s
alpha for this task was .921.

4.3. Procedures
The tasks were reviewed and approved by the ethical committee of the Educa-

tion University of Hong Kong prior to the commencement of the study. Consent
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letters detailing the study were distributed to all participating students and their
parents to secure their approval.

Word decoding data were collected individually in a quiet corner of the
classroom during self-study periods and after-school activity time. Well-trained
research assistants provided instructions to the students and recorded the ac-
curacy of their word decoding. With five research assistants available for this
task, five students were assessed simultaneously each time. Tasks involving EF,
nonverbal intelligence, vocabulary knowledge, morphological awareness, and
orthographic awareness were administered over two sessions of class-wide test-
ing, each lasting approximately 45 minutes. The executive function tasks were ad-
ministered via computer, with each participant using a designated workstation,
whereas the other tasks were completed using a paper-and-pencil method. Re-
search assistants provided verbal instructions before each task commenced. To
ensure adherence to the testing protocol, three trained research assistants were
present in each class during the assessments. Age and SES data were collected
through a questionnaire completed after class.

4.4. Analysis

The task scores were entered into SPSS 29 for comprehensive statistical analysis.
Initially, descriptive statistics, including the mean, standard deviation, kurtosis,
and skewness, were calculated to assess the central tendencies, variability, and
distributional characteristics of the dataset. Subsequently, a Pearson correlation
analysis was conducted to examine the relationships between the key variables.
Hierarchical regression analyses were performed to explore the specific contri-
butions of EF skills to word reading outcomes. Age, SES, non-verbal intelligence, vo-
cabulary knowledge, morphological awareness, and orthographic awareness, were
controlled. Finally, a moderation analysis was conducted to determine whether
the relationship between EF skills and word reading was moderated by age.

5. Results

5.1. Preliminary analysis

The mean (M), standard deviation (SD), kurtosis, and skewness were initially cal-
culated. This step provided a foundational understanding of how the data were

distributed, allowing for the identification of any potential outliers or deviations
from normality. The results are shown in Table 1. All variables were considered
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normally distributed, as the absolute values of skewness and kurtosis were well
lower than 2 (Kline, 2015). This indicates that the data were suitable for subse-
guent statistical analyses.

Table 1 Descriptive statistics for word reading, non-verbal intelligence, age, so-
cioeconomic status, linguistic knowledge, and executive functions

M SD Skewness Kurtosis
Word reading (total) 56.35 53.73 .49 -1.38
Single character reading 22.26 17.25 .01 -1.63
Two-character word reading 34.60 37.87 .65 -1.27
Non-verbal intelligence 16.91 8.11 -1.31 0.25
Age 10.51 1.60 -0.37 -0.79
Socioeconomic status 2.49 1.39 0.69 0.04
Vocabulary knowledge 38.92 22.79 -.09 -1.14
Orthographic awareness 129.27 54.27 -1.76 1.49
Morphological awareness 14.14 8.11 -.58 -0.63
Inhibition A1 .07 1.14 1.20
Attention shifting 1.86 .85 .56 -0.65
Verbal working memory 22.41 18.76 1.04 0.08
Visual working memory 29.08 21.26 .46 -0.74

Pearson’s correlation analysis was then performed to evaluate the strength
and direction of the linear relationships among variables. This analysis offered in-
itial insights into the potential interrelations between EF, word reading, and the
controlled factors. The correlations for all variables are detailed in Table 2.

Table 2 Correlations between word reading, non-verbal intelligence, age, socio-
economic status, linguistic knowledge, and executive functions

1 2 3 4 5 6 7 8 9 10 11 12 13

1. Word reading (total) 1

2. Single character word reading .96 1

3. Two character word reading  .99"" .92™ 1

4. Non-verbal intelligence 427 46" 39" 1

5.Age 417 36" 41" -.02 1

6. Socioeconomic status 27" 24" 26" .06 .26 1

7. Vocabulary knowledge .76° 75" 74" 54" 39" 34" 1

8. Orthographic awareness 43" 51" 40" .84™ -06 .01 .58 1

9. Morphological awareness .58 .58 57 73" .06 .13 .63" .75 1

10. Inhibition -24™ -18"-25" 07-32" .02 -01 .13 .07 1

11. Attention shifting 170 .15 17" -18 377 .02 .13 -10 -.03-22" 1
12. Verbal working memory 427 377 427 18" 44 14 427 10 .17 -.18" 257
13. Visual working memory .34 29" 35" -04 22" 10 .17° -07 .04 -23" 327 1

Note. ** p <.01, * p <.05.
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Correlations between EF components and word reading were statistically
significant, except for the correlation between attention shifting and single-char-
acter word reading. The benchmarks suggested by Akoglu (2018) were applied. In-
hibition was weakly correlated with total word reading, single-character word
reading, and two-character word reading, with rs equal to -.24, -.18, and -.25, re-
spectively (ps < .01). Since the values of the inhibition score were negative, these
results suggest a potential positive relationship between inhibition and word read-
ing skills. Weak to moderate correlations were observed between verbal working
memory and total word reading, single-character reading, and two-character read-
ing, with rs equal to .42, .37, and.42, respectively (ps < .01). Visual working memory
was also significantly correlated with all three types of word reading, with rs equal
to.34,.29, and .35 (ps < .01). The correlations between attention shifting and word
reading, particularly with two-character word reading, were relatively weak, with
effect sizes both at .17 (ps < .05). All EF components were weak but significantly
correlated with each other, with r values ranging from -.23 to .32 (ps < .01).

All controlled variables were significantly related to total word reading,
single-character reading, and two-character word reading, with weak to strong
effect sizes (rs ranging from .24 to .76, ps < .01). Notably, weak to moderate cor-
relations were found between age and the three types of word reading scores.
The effect sizes of the correlations between age and total word reading, and
two-character word reading were both .41 (ps < .01). The correlation between
age and single-character word reading was .36 (p < .01).

5.2. Results of hierarchical regression analyses

Multiple hierarchical regression analyses were conducted to assess the impact
of EF on word reading. The total word reading score, single-character reading
score, and two-character word reading score were set as the dependent varia-
bles in three separate regression models. The independent variables were con-
sistent across all three analyses and included age, nonverbal intelligence, SES,
vocabulary knowledge, orthographic awareness, morphological awareness, and
EF components (i.e., inhibition, attention shifting, verbal working memory, vis-
ual working memory). In Step 1, age, SES, and nonverbal intelligence were en-
tered as control variables. In Step 2, vocabulary knowledge, orthographic aware-
ness, and morphological awareness were added as additional control variables.
Finally, in Step 3, the EF components were entered to examine their shared and
unique contributions to word reading.

The results are presented in Table 3. In the first analysis, all independent
variables collectively explained 69% of the variance in total word reading. The
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contribution of EF was significant, representing 6% (p < .01) of the variance after
controlling for the other variables. Inhibition and visual working memory
emerged as distinct predictors of total word reading, with standardized beta
weights of -.23 (p < .01) and .15 (p < .05), respectively.

In the analysis where single-character reading was the dependent variable, the
effect of EF components was also significant. All variables together explained 57% of
the variance in single-character reading. EF components contributed an additional 4%
of the variance beyond the control variables, with inhibition and visual working
memory emerging as unique predictors (6s = -.18 and 018, respectively, ps < .01).

Lastly, in the analysis of two-character word reading, all independent var-
iables predicted 69% of the variance. The total contribution of EF components
was 7%. The final standardized beta weights for inhibition and visual working
memory were significant (8s = -.25 and .13, respectively, p < .01), underscoring
their important role in predicting two-character word reading.

Table 3 Results of hierarchical regressions analysis

Dependent variables
Word reading  Single character ~ Two-character word

(total) reading reading

Stepl 6 Non-verbal intelligence J25%* 24%%x 26%**
8 Age AL** AQ** ALEE*

B SES .16* .14* .16*

total R? 31%* 26%** .30**

Step 2 6 Non-verbal -.01 -.03 -.01
8 Age .07 .08 .07

B8 SES .07 .001 .01

8 Vocabulary knowledge 20%%* LB3¥** B5***

8 Orthographic awareness -.07 .04 -.10

8 Morphological awareness BE**¥* J13* 22%%*

total R? .B3** 53Hkx 62%*

A R? 32%* 27F** 32%*

Step 3 6 Non-verbal -.05 -.08 -.03
6 Age -.05 .08 .06

B8 SES .04 .02 .04

8 Vocabulary knowledge B2%* .60** .60***

6 Orthographic knowledge .01 .04 -.07

8 Morphological awareness .20%* J13%* 22%*

8 Inhibition - 23%* -.18%* -.25%*

8 Attention shifting -.13 -.02 -.21

6 Verbal working memory .05 .05 .04

8 Visual working memory .15% .18%* J13%*

total R? .69** 57%* .69**

A R? .06** .04%* .07**

Note. ***p <.001, ** p<.01, * p <.05.
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5.3. Moderation of age in the association between word reading and executive
functions

To investigate potential age differences in the relationship between EF and CSL
learners’ word reading, a moderation analysis was performed. This analysis exam-
ined the moderating effect of age by evaluating the impact of interaction terms on
the dependent variable, word reading. Interaction terms are calculated by multiply-
ing the independent variable (i.e., EF components) with the moderator (i.e., age).
In this study, four specific interaction terms were created: inhibition x age, attention
shifting x age, visual working memory x age, and verbal working memory x age. A
significant interaction term would indicate that the influence of a particular EF com-
ponent on word reading changes depending on the learners’ age.

Following the guidelines provided by Baron and Kenny (1986) and Frazier
et al. (2004), the interaction terms are typically entered in the final step of the
regression model to assess their unique contribution beyond the main effects of
the controlled variables and the dependent variables. Therefore, based on the
three-step hierarchical regression analyses presented in Section 5.2, the inter-
action terms were entered as the fourth step in the analysis. This approach en-
sures that any additional variance explained by the interaction terms is isolated,
providing a clearer understanding of the moderating role of age in the relation-
ship between EF components and word reading among CSL learners.

However, the analysis revealed that the interaction terms did not make a
significant contribution to the models. For the analysis with total word reading
as the dependent variable, the p-values associated with the standardized beta
weights (8) of the interaction terms ranged from .23 to .96, all of which ex-
ceeded the significance threshold of .05. Similarly, in the analysis with single-
character word reading as the dependent variable, the p-values for the interac-
tion terms ranged from .22 to .92. Finally, in the analysis with two-character
word reading as the dependent variable, the p-values ranged from .24 to .99.
These results indicate that age did not significantly moderate the relationship
between EF components and word reading. In other words, no significant age
differences were found in how EF components such as inhibition, attention shift-
ing, and working memory were associated with word reading performance.

6. Discussion
This study aimed to explore the role of EF in word reading among CSL learners in

Hong Kong. Our findings contribute to the growing body of literature that under-
scores the importance of EF in literacy development, particularly in the context of L2
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learners. Our study aligns with previous findings that suggest a significant contribu-
tion of EF components to word reading proficiency. Generally, these results highlight
the unique cognitive demands faced by CSL learners, who must navigate the com-
plexities of the Chinese written system with comparatively less linguistic input and
reliance on EF to compensate for gaps in orthographic and semantic knowledge.

6.1. The contribution of EF to CSL word reading

When it comes to RQ1, we found that EF accounted for 6% of the variance in word
reading among CSL learners, even after controlling for nonverbal intelligence, age, SES,
vocabulary knowledge, orthographic knowledge, and morphological knowledge. This
result aligns with findings from studies on native Chinese learners (e.g., Chung et al.,
2018; Deng et al., 2019; Lan et al., 2011; Liu et al., 2018; Yang & Qiao, 2021; Zou
et al., 2022), reinforcing the idea that EF play a crucial role in reading processes for
CSL learners as well. Among the EF components, visual working memory and inhi-
bition emerged as significant predictors. In the context of Chinese, where the pho-
nological and semantic aspects of characters are deeply intertwined with their vis-
ual forms (Loh et al., 2021), the importance of visual processing can be especially
pronounced. For instance, Jiang et al. (2020) demonstrated that CSL learners’ reaction
times slow down as the stroke complexity of characters increases, a pattern not ob-
served in native learners. This finding suggests that CSL learners are more sensitive to
the visual complexity of characters, making visual working memory a critical factor in
their reading processes. Visual working memory likely supports CSL learners by ena-
bling them to retain the visual details of characters long enough to match them
with corresponding subcomponent information and radical knowledge stored in
their mental lexicon. It is therefore plausible to observe the significant role of visual
working memory in CSL learners’ word reading. Inhibition is also crucial for word
reading among CSL learners, particularly due to its role in suppressing irrelevant or
misleading information during the reading process. Chinese characters often share
similar radicals, which are visually similar. Given CSL learners’ heavy reliance on vis-
ual information, their reading is especially susceptible to interference from these
similar-looking characters. Additionally, difficulties in word reading are exacerbated
by the fact that many radicals in Chinese are unreliable indicators of a character’s
pronunciation or meaning. Inhibition helps manage these challenges by filtering
out irrelevant information, thereby supporting accurate character recognition and
word reading (Chung & McBride-Chang, 2011; Ren et al., 2022), which plays a prom-
inent role in CSL learners’ word reading.

Interestingly, the contributions of verbal working memory and attention
shifting to word reading were not significant in our study. This contrasts with
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findings among native Chinese learners, where verbal working memory has been
shown to be a significant predictor. Particularly, in a study by Yang and Qiao (2021)
involving 99 Chinese kindergartners, verbal working memory, rather than visual
working memory, was found to significantly contribute to word reading. This dis-
crepancy highlights the distinct reliance on visual processing over phonological pro-
cessing in CSL learners. Moreover, the reduced importance of verbal working
memory among CSL learners may be attributed to their limited oral language input.
With less developed oral proficiency in Chinese, CSL learners might find that verbal
information plays a less critical role in supporting word reading. In this context, ver-
bal working memory may be less crucial since less verbal information is utilized in
the reading process. The non-significance of attention shifting could be attributed
to CSL learners’ lower proficiency in Chinese. Wang and An (2022) observed that
CSL learners tend to shift their attention between characters more slowly than na-
tive learners, suggesting that they spend more time focusing on each character. This
slower processing pace, likely due to their limited language proficiency, means that
even if CSL learners possess strong attention-shifting abilities, the overall reading
process remains slow and laborious, thereby reducing the relative importance of
this skill (Fong & Ho, 2022). Nevertheless, it is noticeable that most of the variance
in word reading was explained by linguistic knowledge (i.e., orthographic, morpho-
logical, and vocabulary knowledge). This is consistent with the perspectives of Fuchs
et al. (2016) and Kim (2019), who argue that reading outcomes are driven by both
domain-specific skills (e.g., linguistic knowledge) and domain-general skills (e.g., EF),
with domain-specific skills playing a more central role in reading performance.

6.2. The roles of EF in single-character reading and two-character word reading

When comparing the contribution of EF to single-character reading versus two-
character word reading (RQ2), we found that EF had a greater impact on two-
character word reading, suggesting that this task involves a higher cognitive
workload. Our findings are consistent with those from studies in native Chinese
learners (e.g., Pan et al., 2021; Wang & McBride-Chang, 2016; Yang et al., 2024),
which have suggested that reading two-character words can be more demand-
ing than reading single characters. This increased cognitive demand might be par-
ticularly pronounced among CSL learners due to their characteristic of Chinese
word reading. Previous research has shown that, compared to native Chinese
learners, CSL learners often process two-character words in a more analytical man-
ner (e.g., Gao et al., 2021; Hong & Feng, 2010). Because of limited print and oral
exposure, CSL learners typically have less written and oral knowledge of two-char-
acter words stored in their mental lexicon compared to their native counterparts
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(zhang, 2017). As a result, instead of recognizing two-character words holistically,
CSL learners tend to break down and analyze these words by integrating the indi-
vidual characters. This analytical approach increases the visual complexity of the
task, as it requires the reader to hold and integrate the visual forms of both
characters in order to derive the correct meaning. Additionally, unlike single-
character word reading, which primarily involves processing one character at a
time, two-character word reading necessitates simultaneous processing, inte-
gration, and interpretation of both characters. This process is likely to engage
multiple EF components in tandem.

Among the EF components, we observed that the contributions of inhibition
and attention shifting were larger in two-character word reading compared to sin-
gle-character reading. As noted by Spencer and Cutting (2021), effective word read-
ing necessitates that learners seamlessly and continuously transition between vari-
ous sources of information. In the context of Chinese, learners must switch between
characters to achieve word recognition, thereby placing a greater reliance on atten-
tion shifting. Additionally, the recursive use of characters in Chinese word formation
(e.g., the character X [tin1, sky] can form both X & [tin1 tong4, heaven] and K&
[tin1 gaa3, high price]) can cause interference during reading. Readers might be in-
fluenced by other words that contain the same characters (e.g., Wang et al., 2017;
Zhou & Marslen-Wilson, 1994), which makes inhibition particularly important for
suppressing irrelevant or misleading information. However, the contribution of vis-
ual working memory was weaker in two-character word reading than in single-char-
acter reading. Wang and McBride (2016) found that a character is more easily rec-
ognized when it is part of a known word than when it is presented in isolation. This
is likely due to the contextual support provided by the word, which facilitates char-
acter recognition. Because characters within a word context are more easily recog-
nized, the role of visual working memory may be reduced, as less detailed visual
information needs to be extracted and retained.

6.3. The moderation effect of age on the association between EF and CSL word
reading

With respect to RQ3, the current study revealed that age did not significantly
moderate the relationship between EF and word reading among CSL learners,
indicating a consistent and stable contribution of EF to word reading. This finding
contrasts with previous meta-analyses conducted among native Chinese learners
and native learners of alphabetic languages (e.g., Ober et al., 2020; Spiegel et al.,
2021), which suggest that the contribution of EF decreases with age. As learners age,
they tend to accumulate more linguistic knowledge, which allows them to match
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sound and form information with orthographic forms more rapidly and accurately
and enhances the efficiency of character/word recognition (e.g., Tong & McBride-
Chang, 2010). This increased proficiency in linguistic skills might compensate for
or reduce reliance on EF during word reading. The contribution of EF may there-
fore demonstrate a decrease with age among native learners. However, the de-
velopment of these skills among CSL learners is generally slower (Leong et al.,
2011; Zhang, 2017). This means that although our participants were from middle
to higher grades, their linguistic skills might still be relatively basic, leading to a
continued and significant reliance on EF for word reading. This finding could also
help explain CSL students’ underperformance of reading comprehension in Hong
Kong (e.g., Liao et al., 2022; Tang & Chan, 2021; Wong, 2017). The continued de-
pendence on EF suggests that ongoing engagement of EF in word recognition may
reduce the resources available for higher-level processes, such as inferencing and
monitoring, thus impeding improvement in reading comprehension.

Furthermore, learning a second language imposes unique cognitive de-
mands due to the differences between the learner’s L1 and L2 (e.g., Laufer &
Eliasson, 1993; Yamashita & Jiang, 2010). In the present study, most participants
were descendants of Southeast Asian immigrants, with L1s that are predomi-
nantly alphabetic languages (e.g., Urdu, Hindi, or Tagalog), whereas Chinese is a
logographic language. Additionally, the methods of constructing complex words
differ; for example, while compounding is the primary method in Chinese, their
L1s might employ derivation, inflection, or other processes. These linguistic dif-
ferences may consistently present challenges in reading Chinese, necessitating
ongoing use of EF across different ages. The persistent contribution of EF to
word reading has been suggested among L2 learners in various learning contexts.
For instance, EF have been shown to predict both contemporary and future de-
velopment of word reading among English L2 learners with Chinese as their L1
(Liu et al., 2019) and learners with Spanish as their L1 (Swanson, 2015).

However, it is important to note that the participants in our study were within
a relatively narrow age range. Previous studies indicating a significant moderating ef-
fect of age typically covered a broader age spectrum, from kindergarteners to adult
learners (e.g., Ober et al., 2020; Spiegel et al., 2021). Thus, additional studies are ex-
pected to explore whether developmental variations in the relationship between EF
and word reading become more evident when examining a broader age range.

7. Conclusions, limitations and implications
This study sheds light on the significant role of EF in word reading among CSL learn-

ers. Our findings reveal that EF account for a notable proportion of the variance in
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word reading performance. Specifically, visual working memory and inhibition
emerged as key predictors, highlighting the unique cognitive demands posed by
the Chinese writing system and the distinct learning experiences of CSL learners.
The study also underscores the heightened cognitive workload associated with
two-character word reading. Additionally, our findings suggest that the contri-
bution of EF remains consistent across different age groups, indicating sustained
reliance on these cognitive resources.

However, there are a few limitations to the present study. First, we did not
measure or control for the first language proficiency of our participants. Future
studies should consider including this factor as a control variable, given the po-
tential influence of L1 literacy (Loh et al., 2018). Furthermore, the CSL learners
in this study were all based in Hong Kong and were predominantly exposed to
traditional Chinese characters. Since there are two types of Chinese scripts (i.e.,
simplified and traditional Chinese) which come with distinct visual complexities
and radical-character correspondences (Yang & Wang, 2018), the cognitive de-
mands of word reading may differ across these scripts (e.g., Liu & Hsiao, 2012;
Liu et al., 2016). Therefore, caution should be exercised when generalizing these
findings to CSL learners using simplified Chinese.

Despite these limitations, our findings provide valuable insights for im-
proving the reading achievement of CSL learners. Considering that visual work-
ing memory has been identified as a significant predictor of word reading, instruc-
tional strategies should focus on strengthening students’ visual processing skills.
Teachers can incorporate reading-specific EF tasks that help students break down
and analyze the visual components of Chinese characters, such as character recog-
nition games and the use of visual aids like flashcards or character maps (Cartwright
et al., 2020). Additionally, since inhibition emerged as a critical factor in word
reading, teaching strategies should include exercises that enhance students’ abil-
ity to filter out irrelevant information. For example, visual comparisons between
characters with similar written forms (e.g., ¥ [zuk6, chase] and B [doek3, peck])
could be provided through flashcards to help students memorize and distinguish
characters more proficiently. Moreover, our study highlights that CSL learners of-
ten process two-character words more analytically due to their limited familiarity
with compound words. Therefore, we suggest that teachers provide explicit in-
struction on the structure and formation of compound words in Chinese to as-
sist CSL learners in transitioning from analytical to holistic processing. Activities
such as character combination exercises, morpheme analysis, and compound
word construction tasks can help students understand how individual characters
combine to form words (e.g., Ke & Koda, 2019; Tong & McBride-Chang, 2010;
Tong et al., 2017), making the reading of two-character words more intuitive
and less cognitively demanding.
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