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Previous studies have showed that reading fluency is strongly associated with cognitive
skills, including rapid automatized naming, phonological awareness, orthographical
awareness, and so on. However, these studies are largely based on alphabetic
languages, and it remains unclear which cognitive factors contribute to the development
of reading fluency in logographic Chinese, a language in which the graphic forms map
onto morphemes (meaning) rather than phonemes. In Study 1, we tested 179 Chinese
children aged 6 to 9 on a set of cognitive tasks as well as for word reading accuracy
and sentence reading fluency. The results showed that rapid naming, writing fluency,
and phonological awareness significantly predicted reading fluency in both beginning
and intermediate readers. In addition, while the contribution of rapid naming and writing
fluency increased with grades, the effect of phonological awareness decreased. In
Study 2, we examined the role of visual crowding in reading fluency in a subgroup of 86
children and found that visual crowding accounted for the unique variance of individual
differences in reading fluency. The findings reflect both universal and language-specific
cognitive correlates of reading fluency and provide important implications for potentially
effective treatment for individuals suffering from Chinese reading disabilities, particularly
in terms of reading fluency.

Keywords: reading fluency, Chinese, rapid automatized naming, writing fluency, phonological awareness, visual
crowding

INTRODUCTION

Reading fluency, the ability to read rapidly and automatically, is considered a key to good reading
comprehension (Nathan and Stanovich, 1991; Hudson et al., 2005; Katzir et al., 2006; Palmer, 2010).
Differences in reading fluency distinguish good readers from poor readers. While good readers are
able to recognize words efficiently and automatically and devote most of their cognitive resources
to comprehending the text, poor readers tend to read in a labored, disconnected way, with most of
their cognitive capacity focused on decoding at the word level (Perfetti, 1985; Hudson et al., 2005).
Achieving reading fluency involves the efficient integration of information from different levels of
language processing (including orthographic, phonological, semantic, and syntactic processes) with
both great accuracy and speed (Norton and Wolf, 2012). In the past few decades, a large body of
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studies have explored which cognitive and linguistic factors
account for individual differences in reading fluency. Evidence
has accumulated to indicate that reading fluency is strongly
associated with a complex system of cognitive skills, including
rapid automatized naming (RAN) (Savage and Frederickson,
2005; Norton and Wolf, 2012; Georgiou et al., 2016; Strappini
et al., 2017), phonological skills (Poulsen and Elbro, 2013; Kibby
et al., 2014; Elhassan et al., 2017), orthographic skills (O’Brien
et al., 2011; Ehri, 2013), and so on.

Rapid automatized naming involves naming a series of
familiar items (such as letters, digits, colors, and objects)
presented repeatedly in random order as quickly as possible. The
important role of RAN in reading fluency may be due to the
cognitive components that it shares with reading fluency, such
as general processing speed, eye saccades, phonological process,
and so on. In addition, the automaticity that supports RAN
is also an important characteristic of fluent reading (Norton
and Wolf, 2012). Savage and Frederickson (2005) tested 67
children and found that while phonological processing tasks
predicted reading accuracy, rapid digit naming predicted both
reading accuracy and rate, suggesting that RAN was a highly
specific predictor of reading fluency (Savage and Frederickson,
2005). In another study, Georgiou et al., 2016 found that the
contribution of rapid naming to reading fluency was greater than
those of phonological awareness and orthographic awareness.
Furthermore, the centrality of rapid naming in reading fluency
has been found to be consistent across languages (Tan et al., 2005;
Song et al., 2016; Landerl et al., 2019). For example, Landerl et al.
(2019) found that rapid naming was a consistent predictor of
reading fluency in English, French, German, Dutch, and Greek.

Phonological awareness (PA) refers to awareness of the
phonological structure or sound structure of language (Wagner
and Torgesen, 1987). It is evaluated with various tasks that
require the subject to identify or manipulate phonological units
(Sodoro et al., 2002; Hu, 2003; Kirby et al., 2008). Some
researchers suggest that PA shares variance with RAN, but others
argue that PA and RAN are independent processes that predict
decoding accuracy and reading speed, respectively (Wolf and
Bowers, 1999; Jones et al., 2009). Moreover, the relationship
between PA and reading fluency is controversial. While there
are studies demonstrating an important role of PA in reading
fluency (Rakhlin et al., 2014), some other studies report that its
contribution to reading fluency is small or restrained to the early
stage of reading development (Elhassan et al., 2017). For example,
Rakhlin et al. (2014) tested 96 Russian-speaking children (mean
age = 13.73 years) on reading fluency, orthographic skills, PA,
and RAN, and they revealed that PA accounted for more variance
in reading fluency than orthographic awareness and RAN. Kibby
et al. (2014) tested 182 English-speaking children aged 8–12 years
and found that PA was the best predictor of reading fluency
among variables including rapid letter naming, working memory,
and attention. In contrast, Georgiou et al. (2008) tested 110
English-speaking Grade 1 children (mean age = 6.6 years) and 70
Greek-speaking Grade 1 children (mean age = 6.9 years), and the
children were reassessed on word decoding and reading fluency
when they were in Grade 2. They found that the impact of PA on
reading fluency was smaller than on reading accuracy, and it was

strong only for early reading acquisition in Grade 1. Differences
in the roles of PA in reading fluency might be partly due to the
different degrees of orthographic transparency of the languages
involved in previous studies. For instance, Georgiou et al. (2008)
suggested that PA was a stronger predictor of reading fluency
in English than in Greek (relatively transparent orthography). In
addition, the extent to which the PA measures captured the grain
sizes that the readers relied upon during the reading fluency tasks
might also impact the results.

Relative to RAN and PA, fewer studies have examined the
role of orthographic awareness in reading fluency. Orthographic
awareness refers to the ability to form, store, and access printed
words and the general attributes of writing systems (such
as order dependencies, structural redundancies, letter position
frequencies, and so on), which are mainly obtained implicitly
(O’Brien et al., 2011; Rakhlin et al., 2014; Elhassan et al.,
2017). There are studies showing that orthographic awareness
is closely correlated with the development of automatic word
recognition that supports reading fluency. O’Brien et al. (2011)
tested orthographic awareness, RAN, processing speed, reading,
and spelling in 45 English speakers, who were in Grades 1 to 3.
They found that orthographic awareness was related to reading
speed for passages but not spelling performance (O’Brien et al.,
2011). Papadopoulos et al. (2016) found that PA and orthographic
awareness were significant predictors of reading fluency. In a
recent study with a large sample size (n = 1491), Rakhlin et al.
(2019) measured children’s reading fluency, reading accuracy,
orthographic processing skill, phonological skills, RAN, and non-
verbal intelligence. They found that orthographic skill was the
strongest predictor of reading fluency in both good and poor
readers (Rakhlin et al., 2019).

Furthermore, previous studies have demonstrated that the
cognitive skills contributed differently to reading fluency in
languages with different degrees of orthographic transparency
(Georgiou et al., 2008; Vaessen et al., 2010; Pasquarella et al., 2015;
Landerl et al., 2019). Transparent (or shallow) orthographies have
one-to-one orthography–phonology correspondence, whereas
opaque (or deep) orthographies have letters or letter strings
that do not consistently map onto specific sound units. In a
longitudinal study over a 2-year period, Landerl et al. (2019)
measured students who were native speakers of one of five
alphabetic orthographies with different degrees of orthographic
consistency (French, English, German, Dutch, and Greek). They
found that RAN predicted reading fluency in all orthographies,
whereas the effect of PA on reading fluency depended on
developmental stage and orthographic transparency. Specifically,
children’s PA at the beginning of Grade 1 predicted reading
fluency at the end of Grade 1 in French, which has deep
orthography, but in German, the predictive pattern became
apparent in Grade 2. In contrast, PA did not predict reading
in Greek and Dutch, which were transparent orthographies.
The findings were consistent with Ziegler et al. (2010) study,
which showed that the contribution of PA to reading was
greater in more opaque orthographies. In another study, Vaessen
et al. (2010) investigated the relationship between cognitive
skills and reading fluency in Grades 1–4 in three languages
with different orthographic transparencies (Hungarian, Dutch,
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and Portuguese). They found that the contribution of PA to
reading fluency was significant in all grades but decreased as the
grades increased, and conversely, the contribution of RAN was
increased with grade.

Moreover, the verbal efficiency model proposed by Perfetti
(1977, 1985) has been considered as the basis for the theory
of fluent reading (Meyer and Felton, 1999; Breznitz, 2006),
which emphasizes the importance of lexical processes (such as
phonological and orthographic processes) and working memory
for enhancing reading effectiveness. It posits that fluent readers
are efficient and can free working memory capacity to focus on
the higher levels of reading. Working memory involves storing
information temporarily and using the information in complex
cognitive activities (Baddeley, 2003). Previous studies have found
that verbal working memory plays an important role in reading
comprehension and contributes unique variance to word reading
and reading fluency (Shankweiler and Crain, 1986; McCallum
et al., 2006; Georgiou et al., 2008). For example, Leong et al.
(2008) study based on 518 Chinese children found that verbal
working memory had strong effects on pseudoword reading and
text comprehension.

In the present study, we investigated what cognitive skills
contribute to the development of reading fluency in Chinese
children. Written Chinese has an extremely opaque orthography,
and it provides an important window for understanding the
universal and writing system-specific cognitive processes that
underlie the development of reading fluency (Perfetti et al.,
2013). According to Perfetti’s verbal efficiency model, we focused
on both lexical processes and cognitive capacities. We tested
the roles of cognitive factors (including PA, RAN, orthographic
awareness, verbal working memory, and executive control) in
reading fluency. Moreover, based on the unique properties of
Chinese characters, we examined whether the factors of writing
fluency and visual crowding had unique contributions to Chinese
reading fluency. The roles of writing fluency and visual crowding
in Chinese reading fluency had seldom been tested in previous
research, and therefore, our study went one step forward to give a
more comprehensive picture of what cognitive factors contribute
to the development of reading fluency in Chinese.

Chinese is a morpho-syllabic system, in which the graphic
forms (characters) map onto morphemes (meaning) rather than
phonemes (Siok et al., 2004). This means that there is no
stroke or component in a character (e.g., “ ”,/du/, to read) that
corresponds to a specific phoneme (e.g., /d/) in the syllable.
Chinese characters are salient visual units, formed with intricate
strokes within square configurations, which is in contrast to the
linear structure of alphabetic words. Chinese characters can be
categorized into simple characters and compound characters.
Simple characters are formed with stroke patterns that cannot
be decomposed (e.g., “ ”,/mu4/, wood; “ ”,/huo3/, fire). The
vast majority of characters are compound characters, which are
formed with two or more identifiable components. About 85%
of Chinese characters are phonetic compounds that contain a
semantic radical and a phonetic radical, which, respectively,
provide the semantic and phonological information of the
characters. For example, in the character “ ” (/feng1/, maple),
the semantic radical “ ”(/mu4/, wood) suggests that it is related

to wood, and the phonetic radical “ ”(/feng1/, wind) suggests its
pronunciation/feng1/.

Previous studies on the development of reading fluency in
Chinese mainly focused on cognitive factors including RAN,
PA, orthographic awareness, and morphological awareness. For
example, Liu et al. (2017) examined the role of cognitive
factors such as PA, RAN, orthographic awareness, morphological
awareness, and so on in reading development in 1776 Chinese
children who were in Grades 1 to 6. The study used a word
reading fluency test, in which the subjects read aloud a list of
two-character words as fast as possible within one minute. The
authors found that the effect of RAN on word reading fluency was
strong and increased across age groups, whereas the effect of PA
was significant only in the beginning readers (Liu et al., 2017). In
another study, Xue et al. (2013) used a sentence-reading fluency
task in which the children were asked to decide whether the
statements in a series of sentences were true or not within 3 min.
They found that character naming and RAN were the two most
significant contributors to reading fluency among measurements
including character naming, PA, RAN, orthographic awareness,
morphological awareness, and verbal short-term memory.

Although some previous studies have emphasized the
importance of writing ability in reading development (Guan et al.,
2011; Tso et al., 2012; Tan et al., 2013), the role it plays in reading
fluency has seldom been examined. One exception was the study
by Tan et al. (2005), which investigated the relationship between
cognitive skills (including RAN, PA, and writing fluency) and
word reading fluency in 131 Chinese children. Reading fluency
was measured as the number of characters read correctly within
2 min. They found that writing skills were strongly associated
with word reading, while the contribution of PA to reading was
minor and fragile (Tan et al., 2005). It was suggested that, through
writing, children learned to deconstruct Chinese characters into
strokes and stroke patterns and then regrouped these stroke
patterns into a square unit, and, with practice, to establish
long-term motor memory of Chinese characters. The current
study extended Tan’s study by including the additional factors
of orthographic processing, verbal working memory, executive
control, and visual crowding.

In addition, due to the salient visual-orthographic property, it
has been long proposed that reading of Chinese words is more
prone to the influence of visual factors (Siok and Fletcher, 2001;
Chung et al., 2008). As for reading fluency, one potentially critical
visual factor that influences reading rate is visual crowding, which
refers to impaired recognition of a target due to the presence
of neighboring objects in the periphery. It occurs when the
center-to-center distance of the two objects is smaller than the
critical spacing, which is the distance between objects at which
target recognition is restored (Bouma, 1970; Toet and Levi, 1992;
Pelli, 2008). Previous research suggested visual crowding to be
a critical condition that affects reading rates (Pelli et al., 2007).
Crowding severely affected the peripheral vision of children and
adult readers (Gori and Facoetti, 2015; Strappini et al., 2017) and
slowed down reading processing (Cheung and Cheung, 2017). In
addition, the crowding effect was particularly strong in dyslexic
readers (Martelli et al., 2009). It was found that increasing the
word and line spacing between English letters promoted reading
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fluency in dyslexic children (Zorzi et al., 2012) and improved
reading accuracy in normal school-age children (Hakvoort et al.,
2017). Previous research suggested that the size of the Chinese
character visual span, i.e., the maximum number of characters
that could be recognized without moving the eyes, was affected by
the complexity of the characters and was mediated in large part
by visual crowding (Wang et al., 2014). Therefore, we expected
that the visual crowding effect would account for unique variance
in Chinese reading fluency.

In Study 1, we used a cross-sectional design to examine the
contributions of a set of cognitive skills to reading fluency in
179 first- to fourth-year primary school students. The cognitive
factors included measures of RAN, PA and orthographic
awareness, writing fluency, verbal working memory, and
executive control. In Study 2, we further investigated
whether the effect of visual crowding accounted for unique
variance in Chinese reading fluency in a subgroup of children
(n = 86) in Study 1.

STUDY 1: THE EFFECT OF COGNITIVE
SKILLS ON READING FLUENCY IN
CHINESE CHILDREN

Methods
Participants
One hundred and seventy-nine primary school children
participated in the study. They were students of grades 1 through
4 at an elementary school in Shenzhen, China. In China, the
focus of reading training in Grades 1 and 2 was recognition
of words, whereas the focus transit to text reading in Grade
3, and therefore we divided the subjects into two groups: the
beginning readers were 1st and 2nd graders (n = 91, Mage = 6.82,
SD = 0.7), and the intermediate readers were 3rd and 4th graders
(n = 88, Mage = 8.85, SD = 0.7) (Table 1). All the children were
native speakers of Mandarin, which is the official dialect of
Mainland China and the language of instruction in school. Of
the subjects, 173 were right-handed, 3 were left-handed, and 3
were ambidextrous, as assessed by the handedness inventory
(Oldfield, 1971).

Procedure and Tasks
A battery of tests was administrated, including RAN, PA,
orthographic awareness, writing fluency, verbal working
memory, Stroop task, and non-verbal intelligence. The
standardized Chinese version of Raven’s Standard Progressive
Matrices was used as a non-verbal intelligence test. The reading
performance was assessed with a word reading test and a
sentence reading fluency test. All tests were conducted by trained
experimenters. Written consent was obtained from the children’s
parents before the tests. The non-verbal intelligence test, lasting
about 40 min, was administered on a group basis, and the other
tests were tested individually, taking about 40 min in total.

Rapid automatized naming (RAN)
The RAN tasks examined children’s ability to name letters,
symbols, words, or objects in a quick and automatic manner.
Previous research suggested that the contribution of RAN to

TABLE 1 | Demographic characteristics of the participants and descriptive
statistics of the tests.

Beginner
(Grades 1

and 2)

Intermediate
(Grades 3

and 4)

t-test

Age, year 6.82 (0.7) 8.85 (0.7) −19.66***

Gender (boy/girl) 54/37 54/34 0.275

Sentence reading fluency 19.07 (12.7) 41.6 (14.0) −11.28***

Chinese word reading 62.05 (47.1) 163.4 (51.9) −13.695***

RAN-D, sec 31.90 (7.9) 22.32 (5.4) 9.513***

RAN-O, sec 27.58 (5.7) 22.37 (4.5) 6.787***

RAN-C, sec 33.98 (11.3) 27.8 (6.6) 4.477***

PA 9.49 (5.4) 12.93 (4.6) 4.592***

Forward digit span 6.69 (1.0) 7.67 (1.0) −6.368***

Backward digit span 3.19 (1.4) 4.01 (1.2) −4.175***

Stroop, sec 20.1 (11.5) 21.27 (9.3) −0.742

Chinese component search 23.32 (7.6) 31.15 (6.8) −7.287***

Writing 23.24 (11.1) 49.68 (8.8) −17.623***

Standardized non-verbal IQ 60.22 (28.9) 67.44 (23.7) −1.831

Asterisk(s) indicates significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.

reading development seemed to be dependent on the RAN
tasks employed in the studies (e.g., Schatschneider et al., 2004;
Georgiou et al., 2008). Hence, we conducted three subtests, digit
naming (RAN-D), object naming (RAN-O), and color naming
(RAN-C), to test whether different RAN tasks contributed
differently to Chinese reading and in children of different reading
levels. RAN-D involved the naming of digits (1–9) that were
arranged in five rows and ten columns. RAN-O involved the
naming of simple drawings of objects (watch, house, plane,
glasses) that were arranged in four rows and seven columns.
RAN-C involved the naming of colors (red, yellow, blue, and
green) with color squares that were arranged in six rows and five
columns. The subjects were required to name the stimuli in a
left-to-right fashion as correctly and rapidly as possible. Time (in
milliseconds) and accuracy of naming were recorded, but because
the key variable of RAN was the time taken to name the items,
only the time taken for naming was analyzed. There was a pre-
test trial before each RAN subtest, in which the subjects were
asked to name the stimulus items individually to ensure that they
could accurately name the items. For each subtest, the subjects
were given two separate trials, and the trial with the shorter total
naming time was taken as the test score.

Phonological awareness (PA)
An oddity test was used to examine children’s phonological
awareness of onsets and rimes. The children were given four
practice items and twenty testing items, among which ten
items tested onset awareness and ten tested rime awareness.
We obtained a score for PA by adding the number of
correct items for onset awareness and rime awareness. In each
item, the children were required to carefully listen to four
monosyllabic words. One of the four syllables was the odd one
out by virtue of lacking an initial or final sound shared by
the other three syllables. The subjects were asked to identify
the odd one out. For example,/sha1/was the odd one out in
the set/chu3/,/sha1/,/pu2/,/lu3/(the numbers indicate the tone of
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the syllables) in terms of the final sound. The score was the total
number of items answered correctly. The maximum score for
this task was 20.

Orthographic awareness
We used a component search task to test children’s awareness of
the internal structure of Chinese characters. This task was similar
to the orthographic processing test used in previous studies of
Chinese reading development (e.g., Siok and Fletcher, 2001)
and was comparable to the letter search task used in alphabetic
languages (e.g., Mason, 1975; O’Brien et al., 2011). It was designed
to test the components of visual-orthographic analysis and visual
processing speed. The test materials were 100 characters selected
from the dictionary and were arranged according to the visual
complexity of the characters (i.e., the number of strokes within
the characters). All of them were compound characters, 47 of
which contained the designated component, and 81% of the
selected characters were phonetic compounds that contained a
semantic radical and a phonetic radical. The average number of
strokes of the characters was 10 (SD = 3.17), and the average
frequency of the characters was 227.61 per million (SD = 108.99)1.
The children were presented with a series of Chinese characters
arranged in a 10 × 10 matrix, and they were asked to circle the
characters containing a designated component “ ” as correctly
and rapidly as possible within 2 min. The score was the number
of correct answers.

Writing fluency
In the writing fluency task, the children were asked to copy
Chinese written characters from samples as correctly and rapidly
as possible within 3 min. Eighty-four Chinese characters were
selected from the textbooks of grades 1 to 6, fourteen characters
from each grade. The average number of strokes of the selected
characters was 9.6 (SD = 2.59). The characters were of high
frequency, with an average frequency of 346.26 per million
(SD = 799.58). There were two simple characters and eighty-
two compound characters, and 76% of the compound characters
were phonetic compounds. They were arranged in nine rows
and ten columns according to grade from lowest to highest. The
number of characters written correctly was taken as the score
for writing skill.

Verbal working memory task
We used two digit-span tasks to measure children’s verbal
working memory capacity, including a forward digit span task
and a backward digit span task. In the forward digit span task,
the subjects carefully listened to a sequence of digits, and they
were required to repeat the digits in the same order. For example,
the experimenter said, “3 4 7 5,” and the subjects needed to repeat
“3 4 7 5.” In the backward digit span task, they also listened to
a sequence of digits, but they were asked to repeat the digits in
reverse order from the end to the beginning. For example, the
experimenter said, “3 4 7 5,” and the subjects needed to repeat “5
7 4 3.” The sequences had 3 to 12 digits, and there were two items
for each sequence. This task stopped when the subjects responded

1www.cncorpus.org

incorrectly in both of the two items in the same span. The score
was the maximum length of span with a correct response.

Stroop task
The color-word Stroop task was used to examine children’s
ability to inhibit interfering information. During the test, children
were required to name the color of the ink and inhibit reading
the word. The task demanded executive function and speed
of processing, which might be related to the development of
reading fluency (Leong et al., 2008). Three conditions were
involved: incongruent, congruent, and neutral conditions. In
the incongruent and congruent conditions, the subjects were
required to name the ink color of a word, whereas the word itself
was the name of a color. Interference arose in the incongruent
condition when the ink color and the word meaning were
incongruent [e.g., the word “ (blue)” printed in yellow ink],
whereas facilitation arose in the congruent condition when the
ink color and the word meaning were congruent [i.e., the word
“ (blue)” written in blue ink]. In the neutral condition, squares
were used, and the subjects were asked to name the ink color
of the squares (i.e., a square printed in red ink). Each condition
involved 30 printed items presented in six rows and five columns.
The children were required to name the stimuli as correctly
and rapidly as possible. Before each task began, there was a
practice test with nine example stimuli to ensure that the children
understood the task and could accurately name the colors. Time
(in milliseconds) and accuracy of naming the ink color were
recorded, but only the time taken for naming was analyzed.
The interfering effect was determined by comparing the reaction
times (RTs) in the incongruent and neutral conditions.

Sentence reading fluency
A reading fluency task was used to examine children’s ability to
integrate word meanings into sentence comprehension on the
basis of fast decoding. Relative to word reading fluency, which
is often measured as the number of words correctly read within a
time limit (e.g., one minute), the sentence reading fluency used in
our study could better measure the multifaceted performance of
both reading speed and comprehension of the text. The sentence
reading fluency test was designed based on the reading fluency
subtest in Woodcock-Johnson III - Tests of Achievement (Mather
and Woodcock, 2001) and was similar to the reading fluency test
used in previous studies of Chinese reading development (e.g.,
Xue et al., 2013). The test consisted of 98 sentences, which were
arranged generally from short to long across the test. There was a
total of 960 Chinese characters in the test, with an average of 9.8
(SD = 3.08) characters per sentence. The average frequency of the
characters was 2385.85 per million (SD = 983.11). The children
were asked to judge the correctness of the sentences, for example,
“ ” (winter is a season), in 3 min as correctly and
rapidly as possible. The score was the number of sentences that
were correctly judged. To ensure that the children understood
the task, two sample sentences were used for instruction and four
sentences for practice before the test.

Word reading
A Chinese word reading test was used to assess word reading
accuracy. There were 360 single-character words, of which 300
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characters were selected from the textbooks of grades 1 to 6 (50
words for each grade) and 60 low-frequency words from the
dictionary. The average frequency of the characters selected from
textbooks was 96.12 per million (SD = 243.24), and the average
frequency of the additional 60 low-frequency words was 0.96
per million (SD = 3.28). There were five simple characters and
355 compound characters, and 84% of the compound characters
were phonetic compounds. These characters were presented in
a sequence increasing in difficulty. The 300 characters from the
textbooks were presented in sequence from the lowest to the
highest grades, which were followed by the 60 low-frequency
words. The children were asked to read the words aloud to
the experimenters as accurately as possible. The test stopped if
the children made five consecutive mistakes. The score was the
number of words correctly read. The purpose of including the
word reading task was to examine whether there were cognitive
skills that were specifically correlated to reading fluency, as
compared with their correlations with word reading accuracy.

Results and Discussion
The means and standard deviations of the test scores are shown
in Table 1. Significant differences were found between beginning
and intermediate readers in reading fluency (t = −11.280,
p < 0.001), word reading accuracy (t = −13.695, p < 0.001),
RAN-D (t = 9.513, p < 0.001), RAN-O (t = 6.787, p < 0.001),
RAN-C (t = 4.477, p < 0.001), PA (t = −4.592, p < 0.001),
forward digit span (t = −6.368, p < 0.001), backward digit span
(t = −4.175, p < 0.001), Chinese component search (t = −7.287,
p < 0.001), and writing fluency (t = −17.623, p < 0.001), with
intermediate readers showing better performance than beginning
readers. There was no significant difference in inhibition effect
in the Stroop task (t = −0.742, p = 0.459) or in non-verbal IQ
(t =−1.831, p = 0.069) between the two groups.

There were strong correlations between reading fluency and
word reading in both beginning readers (r = 0.751, p < 0.001)
and intermediate readers (r = 0.618, p < 0.001). Table 2
shows the results for the correlation (after excluding the
influence of age and non-verbal IQ) of measures of cognitive
skills with reading fluency and word reading accuracy. We
found common and differential cognitive factors that were
significantly correlated with reading performance in beginning
readers and intermediate readers. Specifically, for the reading
fluency test, both beginning readers’ and intermediate readers’
reading fluency were significantly correlated with RAN-D
(beginning readers: r = −0.405, p < 0.001; intermediate readers:
r = −0.436, p < 0.001), RAN-C (beginning readers: r = −0.215,
p < 0.05; intermediate readers: r = −0.365, p < 0.001),
PA (beginning readers: r = 0.360, p < 0.001; intermediate
readers: r = 0.255, p < 0.05), and writing fluency (beginning
readers: r = 0.378, p < 0.001; intermediate readers: r = 0.363,
p < 0.001). In addition, intermediate readers’ performance
was also significantly correlated with RAN-O (r = −0.447,
p < 0.001). For the word reading accuracy test, beginning
readers’ performance were significantly correlated with RAN-
D (r = −0.354, p < 0.001) and PA (r = 0.369, p < 0.001),
while intermediate readers’ performance of word reading was
significantly correlated with RAN-D (r = −0.357, p < 0.001),

TABLE 2 | Partial correlations between reading performance and component
skills, controlling for age and non-verbal intelligence.

Beginner Intermediate

Reading
fluency

Word
reading

Reading
fluency

Word
reading

RAN-D −0.405*** −0.354*** −0.436*** −0.357***

RAN-O −0.170 −0.103 −0.447*** −0.379***

RAN-C −0.215* −0.145 −0.365*** −0.261*

PA 0.360*** 0.369*** 0.255* 0.191

Forward digit
span

0.112 0.147 0.090 0.215*

Backward digit
span

0.174 0.189 0.123 0.192

Stroop 0.150 0.201 −0.184 −0.044

Chinese
component
search

0.044 0.004 0.107 0.148

Writing 0.378*** 0.184 0.363*** 0.164

Asterisk(s) indicates significance levels: *p < 0.05; **p < 0.01; and ***p < 0.001.

RAN-O (r = −0.379, p < 0.001), RAN-C (r = −0.261, p < 0.05),
and forward digit span (r = 0.215, p < 0.05). Thus, these results
indicated that RAN-D correlated with both reading fluency
and word reading in both age groups, whereas RAN-O and
RAN-C had larger correlations with reading performance in
intermediate readers than in beginning readers. The correlations
between PA and reading performance (both reading fluency
and word reading accuracy) decreased from beginning readers
to intermediate readers. Moreover, writing fluency was more
specifically correlated with reading fluency but not word reading
accuracy across age groups.

To determine the relative power of these cognitive factors for
predicting sentence reading fluency and word reading accuracy,
we carried out a series of fixed order hierarchical multiple
regression analyses. The results are shown in Table 3-1. For
reading fluency, RAN, PA, and writing were the three most
powerful predictors for both beginning readers and intermediate
readers. Specifically, for beginning readers, RAN-D [8.3% of
variance (1F = 17.120, p < 0.001)], RAN-C [2.3% of variance
(1F = 4.216, p = 0.043)], PA [6.5% of variance (1F = 12.930,
p < 0.001)], and writing [7.2% of variance (1F = 14.525,
p< 0.001)] were the significant predicters for reading fluency. For
intermediate readers, RAN-D [13.3% of variance (1F = 19.675,
p < 0.001)], RAN-O [14% of variance (1F = 20.938, p < 0.001)],
RAN-C [9.3% of variance (1F = 12.875, p < 0.001)], PA
[4.6% of variance (1F = 5.839, p = 0.018)], and writing [9.3%
of variance (1F = 12.751, p < 0.001)] were the significant
predictors for reading fluency. The results indicated that the
predictive power of RAN and writing fluency increased from
beginning to intermediate readers, whereas the predictive power
of PA diminished.

As revealed in the above regression analyses, RAN, PA,
and writing fluency were the three most powerful predictors
of reading fluency. Among these three factors, RAN and PA
may share common variance of phonological process (Liao
et al., 2007), whereas RAN and writing fluency may share
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TABLE 3-1 | Summary of hierarchical multiple regressions that tested the
predictive power of various component skill measures for reading fluency.

Reading fluency (1 R2)

Step Predictor Beginner Intermediate

Controlling for variation in age and non-verbal IQ

1 age 0.431*** 0.071*

2 IQ 0.065*** 0.226***

3 RAN-D 0.083*** 0.133***

3 RAN-O 0.015 0.140***

3 RAN-C 0.023* 0.093***

3 PA 0.065*** 0.046*

3 Forward digit span 0.006 0.006

3 Backward digit span 0.015 0.011

3 Stroop 0.011 0.024

3 Chinese component search 0.001 0.008

3 Writing 0.072*** 0.093***

Asterisk(s) indicates significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.

common variance reflecting general speeded processing. To
estimate the unique predictive power of these three factors, we
performed another set of fixed-order multiple regression analysis.
The results are shown in Table 3-2. First, to determine the
contribution of phonological awareness and writing after RAN
was controlled, children’s age and IQ were again entered into
the model as steps 1 and 2, and RAN was entered as steps 3–5.
PA and writing were then entered as step 6. The results showed
that, in the beginning readers, PA accounted for 4% (1F = 8.991,
p < 0.01) of the variance, whereas writing accounted for 3.2%
(1F = 6.941, p < 0.01) of the variance. In the intermediate
readers, PA and writing did not account for additional variance in
reading performance. The results suggested that in the beginning
readers, PA and writing contributed to reading fluency even after
the effect of RAN was partialled out, but in the intermediate
readers, PA and writing did not account for additional variance
in reading fluency.

Second, to further estimate the unique predictive power of
PA and writing for reading fluency, we entered PA or writing
as step 7 in the model after entering all the other related
factors (Table 3-2). We found that, in the beginning readers,
PA still explained a significant proportion of the variance [2.2%,
(1F = 4.983, p = 0.028)] in reading fluency after the effects of
RAN and writing were controlled, but the effect of writing was
not significant after the effects of RAN and PA were controlled.
In contrast, in the intermediate readers, writing explained 2.6%
(1F = 4.192, p = 0.044) of the variance in reading fluency
after the effect of RAN and PA were controlled, but PA did
not account for the additional variance of reading fluency. We
then entered subtests of RAN as step 5 in the model after the
effects of PA and writing were controlled (Table 3-2). We found
that RAN-D [3.2%, (1F = 7.271, p < 0.01)] and RAN-C [2.3%,
(1F = 5.003, p = 0.028)] explained significant proportions of
variance in reading fluency in beginning readers, and RAN-D
[3.8%, (1F = 5.881, p = 0.018)], RAN-O [5.7%, (1F = 9.035,
p < 0.01)], and RAN-C [4.3%, (1F = 6.736, p = 0.011)]
explained significant proportions of variance in intermediate

TABLE 3-2 | Summary of hierarchical multiple regressions that tested the
predictive power of various component skill measures for reading fluency.

Predicators Beginner Intermediate

R2 R2 change R2 R2 change

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) RAN-D 0.578 0.083*** 0.431 0.133***

(4) RAN-O 0.578 0.000 0.466 0.035*

(5) RAN-C 0.582 0.003 0.475 0.009

(6) PA 0.622 0.040** 0.477 0.002

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) RAN-D 0.578 0.083*** 0.431 0.133***

(4) RAN-O 0.578 0.000 0.466 0.035*

(5) RAN-C 0.582 0.003 0.475 0.009

(6) Writing 0.614 0.032** 0.499 0.024

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) RAN-D 0.578 0.083*** 0.431 0.133***

(4) RAN-O 0.578 0.000 0.466 0.035*

(5) RAN-C 0.582 0.003 0.475 0.009

(6) Writing 0.614 0.032** 0.499 0.024

(7) PA 0.636 0.022* 0.503 0.004

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) RAN-D 0.578 0.083*** 0.431 0.133***

(4) RAN-O 0.578 0.000 0.466 0.035*

(5) RAN-C 0.582 0.003 0.475 0.009

(6) PA 0.622 0.040** 0.477 0.002

(7) Writing 0.636 0.013 0.503 0.026*

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) PA 0.561 0.065*** 0.343 0.046*

(4) Writing 0.591 0.030* 0.428 0.085***

(5) RAN-D 0.623 0.032** 0.466 0.038*

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) PA 0.561 0.065*** 0.343 0.046*

(4) Writing 0.591 0.030* 0.428 0.085***

(5) RAN-O 0.593 0.002 0.485 0.057**

(1) Age 0.431 0.431*** 0.071 0.071*

(2) Non-verbal IQ 0.495 0.065*** 0.279 0.226***

(3) PA 0.561 0.065*** 0.343 0.046*

(4) Writing 0.591 0.030* 0.428 0.085***

(5) RAN-C 0.614 0.023* 0.471 0.043*

The number on the left indicates the predicators’ order of entering the equation.
*p < 0.05, **p < 0.01, and ***p < 0.001.

readers, suggesting that RAN made a unique contribution to
reading fluency that cannot be explained by PA or writing
fluency. The results indicated that, among the three most
powerful predictors of reading fluency (i.e., RAN, PA, and writing
fluency), RAN made a unique contribution to reading fluency
that cannot be explained by PA or writing fluency in both
beginning and intermediate readers and that the predictive power
of RAN increased as age increased. In contrast, PA accounted
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TABLE 4-1 | Summary of hierarchical multiple regressions that tested the
predictive power of various component skill measures for Chinese word reading.

Chinese word reading (1 R2)

Step Predictors Beginner Intermediate

Controlling for variation in age and non-verbal IQ

1 Age 0.388*** 0.081**

2 IQ 0.068*** 0.125***

3 RAN-D 0.068** 0.101**

3 RAN-O 0.006 0.114***

3 RAN-C 0.012 0.054*

3 PA 0.074*** 0.029

3 Forward digit span 0.012 0.037*

3 Backward digit span 0.019 0.029

3 Stroop 0.022 0.002

3 Chinese component search 0.000 0.017

3 Writing 0.018 0.021

Asterisk(s) indicates significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.

for unique variance in reading fluency only in beginning readers.
The effect of writing fluency on reading fluency was strong in
both age groups, but it seemed to share considerable common
variance with RAN.

Furthermore, to compare the predictive powers of the
cognitive factors for reading fluency with those for word reading
accuracy, we performed similar regression analyses for the word
reading task. The results are shown in Tables 4-1, 4-2. For
beginning readers, RAN-D and PA were the most significant
predictors for their word reading ability, accounting for 6.8%
(1F = 12.502, p ≤ 0.01) and 7.4% of variance (1F = 13.729,
p< 0.001), respectively. For intermediate readers, RAN-D [10.1%
of variance (1F = 12.247, p < 0.01)], RAN-O [11.4% of variance
(1F = 14.089, p< 0.001)], RAN-C [5.4% of variance (1F = 6.116,
p = 0.015)], and forward digit span [3.7% of variance (1F = 4.074,
p = 0.047)] were the significant predictors for word reading
ability (Table 4-1). The results indicated that the effect of RAN
on Chinese word reading increased whereas the effect of PA
decreased from beginning to intermediate readers. Moreover, in
the intermediate readers, forward digit span also accounted for a
significant proportion of variance in word reading, but it did not
make a significant contribution to reading fluency.

To determine the contribution of PA (and also forward digit
span) after the effect of RAN was controlled, we performed fixed-
order multiple regression analyses with children’s age and IQ
being again entered into the model as steps 1 and 2, and RAN
being entered as steps 3–5. PA or forward digit span was then
entered as step 6 (Table 4-2). In beginning readers, PA accounted
for 5.1% (1F = 10.067, p < 0.01) of the variance, whereas
forward digit span did not account for additional variance in
word reading performance. In intermediate readers, PA and
forward digit span did not account for additional variance in
word reading performance. The results suggested that PA played
a more important role in word reading accuracy in the beginning
readers than in the intermediate readers.

To evaluate the unique predictive power of PA and RAN for
word reading accuracy, we entered PA or RAN as the last step in

TABLE 4-2 | Summary of hierarchical multiple regressions that tested the
predictive power of various component skill measures for Chinese word reading.

Predicators Beginner Intermediate

R2 R2 change R2 R2 change

(1) Age 0.388 0.388*** 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068*** 0.206 0.125***

(3) RAN-D 0.524 0.068*** 0.307 0.101***

(4) RAN-O 0.526 0.002 0.339 0.032*

(5) RAN-C 0.527 0.001 0.340 0.001

(6) PA 0.578 0.051** 0.340 0.000

(1) Age 0.388 0.388*** 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068*** 0.206 0.125***

(3) RAN-D 0.524 0.068*** 0.307 0.101***

(4) RAN-O 0.526 0.002 0.339 0.032*

(5) RAN-C 0.527 0.001 0.340 0.001

(6) Forward digit span 0.535 0.007 0.351 0.011

(1) Age 0.388 0.388*** 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068*** 0.206 0.125***

(3) RAN-D 0.524 0.068*** 0.307 0.101***

(4) RAN-O 0.526 0.002 0.339 0.032*

(5) RAN-C 0.527 0.001 0.340 0.001

(6) Forward digit span 0.535 0.007 0.351 0.011

(7) PA 0.584 0.049** 0.351 0.001

(1) Age 0.388 0.388 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068 0.206 0.125***

(3) PA 0.530 0.074 0.235 0.029

(4) Forward digit span 0.538 0.008 0.267 0.032

(5) RAN-D 0.575 0.036** 0.322 0.055*

(1) Age 0.388 0.388 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068 0.206 0.125***

(3) PA 0.530 0.074 0.235 0.029

(4) Forward digit span 0.538 0.008 0.267 0.032

(5) RAN-O 0.539 0.000 0.338 0.071**

(1) Age 0.388 0.388 0.081 0.081**

(2) Non-verbal IQ 0.456 0.068 0.206 0.125***

(3) PA 0.530 0.074 0.235 0.029

(4). Forward digit span 0.538 0.008 0.267 0.032

(5) RAN-C 0.550 0.012 0.301 0.034*

The number on the left indicates the predicators’ order of entering the equation.
*p < 0.05, **p < 0.01, and ***p < 0.001.

the model after entering all of the other factors (Table 4-2). We
found that PA still contributed 4.9% (1F = 9.765, p < 0.01) to
the variance in word reading in beginning readers. In addition,
only RAN-D explained 3.6% (1F = 7.255, p < 0.01) of variance
in word reading for beginning readers. For intermediate readers,
RAN-D [5.5% of variance (1F = 6.614, p = 0.012)], RAN-O [7.1%
of variance (1F = 8.758, p< 0.01)], and RAN-C [3.4% of variance
(1F = 3.964, p = 0.050)] explained significant proportions of
variance in word reading. The results suggested that there were
strong effects of RAN on word reading accuracy across beginning
and intermediate readers, and the findings were consistent with
those in reading fluency.

In summary, we identified cognitive factors that contributed
significantly to reading fluency, including RAN (particularly
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rapid naming of digits), PA, and writing fluency. We found that
rapid naming of digits consistently accounted for the unique
variance both of reading fluency and word reading accuracy
and across age groups, indicating that rapid digit naming may
play a more important role in reading development than rapid
naming of objects or colors. The results were consistent with
previous findings. For example, Georgiou et al. (2008) found
that rapid digit naming had greater correlations with reading
performance than color naming in English and Greek. The
findings indicated that it was not simply the speeded processing
component that was important for reading fluency. Rapid digit
naming, as an alphanumeric RAN task, may better capture the
underlying phonological components of reading abilities that
do the non-alphanumeric RAN tasks of rapid object and color
naming. In addition, PA accounted for the unique variance
of reading fluency and reading accuracy only in beginning
readers but not in intermediate readers, indicating that the
role of PA in Chinese reading abilities may decrease during
reading development. While RAN and PA have been consistently
demonstrated to contribute to reading development in alphabetic
languages, the effect of writing skills has been inconsistent
and small (Guan et al., 2011). The importance of writing
fluency in Chinese reading may be more related to the inherent
properties of Chinese writing systems (Tan et al., 2005). Our study
demonstrated that writing fluency was increasingly important
in predicting reading fluency during development and that it
made a significant contribution to reading fluency but not to
word reading accuracy, suggesting that it was more specifically
correlated with reading rate.

STUDY 2: THE EFFECT OF VISUAL
CROWDING ON CHINESE READING
FLUENCY

The multiple factors that contributed to reading fluency in
Chinese children have highlighted the components of phonology,
speeded processing, visual-motor process, and so on. In Study 2,
we focused on visual crowding and explored whether this visual
factor accounted for the unique variance of Chinese reading
fluency. Previous studies have shown that visual crowding, a key
factor in how people visually recognize objects, can severely affect
reading speed (Pelli, 2008). Individuals with reading disabilities
also show greater visual crowding effects, which limits word
identification in multi-item processing (Martelli et al., 2009).
In this study, we examined the role of visual crowding in
Chinese reading fluency and tested whether it contributed unique
variance to Chinese reading fluency even after the effects of
other cognitive skills (such as RAN, PA, and writing fluency)
were controlled.

Methods
Participants
Ninety children participated in this study. They were 2nd and 3rd
graders from Study 1. Data for four participants were excluded
because they failed to complete the visual crowding test. The
final sample included 86 children (52 males and 34 females) with

a mean age of 8.5 years (SD = 0.63). All subjects had normal
or corrected-to-normal vision. Written consent was obtained
from their parents before the tests. They were assessed with the
following tests besides the visual crowding test: RAN-D [mean
(M) = 25.39, SD = 5.5], RAN-O (M = 24.73, SD = 4.5), RAN-
C (M = 30.01, SD = 8.0), PA (M = 12.99, SD = 5.1), forward
digit span (M = 7.20, SD = 1.0), backward digit span (M = 3.64,
SD = 1.4), Stroop task (M = 53.47, SD = 11.3), Chinese component
search (M = 28.87, SD = 6.6), writing fluency (M = 40.01,
SD = 7.9), non-verbal IQ (M = 66.63, SD = 25.1), Chinese
word reading (M = 116.33, SD = 40.7), and reading fluency test
(M = 31.63, SD = 12.5).

Stimuli and Apparatus
In the visual crowding test, stimuli were displayed using Matlab
2017a with the Psychtoolbox extension (Brainard, 1997) against
a gray background running on a Dell Precision 3510 computer,
which had a 15.6-in. Intel (R) HD Graphics 530 screen (frame
rate of 59 Hz, resolution of 1920 × 1080 pixels). We used
Chinese characters (VCC) and visual gratings (VCG) as stimuli.
The gratings were visual stimuli in the absence of any linguistic
information, and they have been used in many previous studies
(Pelli, 2008). We used the visual gratings test as a control
condition to examine whether the correlation, if any, between
crowding effect and reading fluency was related specifically to
linguistic stimuli (VCC) or more generally to both linguistic and
non-linguistic visual crowding. The test consisted of uncrowded
and crowded conditions. In the VCC test, the uncrowded
condition had only one Chinese character, which was displayed
randomly as a target on the left or right side of the fixation point.
Previous studies have revealed that crowding depended on the
ratio of spacing (center-to-center distance between the target and
flanker) and eccentricity (the distance between the target and
fixation point) (Figure 1A). A ratio of less than 0.5 could produce
crowding, and the strength of the crowding effect increased as
the ratio decreased (Bouma, 1970). In order to produce crowding
without stimulus overlap, the stimulus in the crowded condition
was a three-character string of equally sized, equally spaced
Chinese characters arranged in a horizontal orientation, with
spacing of 2◦ and eccentricity of 5◦, resulting in a ratio of
0.4. The characters presented at the same time were randomly
selected without repetition from a group of 10 characters that
were selected from the first-grade Chinese textbooks and had 3–5
strokes. The font type bold Heiti (black font) was used because
of its relatively uniform stroke width, and the Chinese characters
had the same width and height (width: 1◦). The visual crowding
between gratings (VCG) test was similar to the VCC test, with the
Chinese characters in the VCC test replaced by a square patch
of a sinusoidal grating (length and width: 1◦ and 1◦; contrast:
1; orientation: ±45◦). Each trial started with a 1◦ fixation point,
which was presented for 1000 ms at the center of the screen. In the
VCC and VCG conditions, the stimulus of a Chinese character or
grating, respectively, was displayed for 250 ms.

Procedure
The tests were conducted in a quiet and dimly lit room. During
the test, the participants sat 45 cm from the screen of the
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FIGURE 1 | The procedure of the visual crowding test. (A) Definition of the typical parameters for crowding. Critical spacing is the center-to-center distance between
the target and flanker, and eccentricity is the distance between the target and fixation. (B) In the uncrowded condition (left) of the Chinese characters (VCC) test, only
a single character (the target) is presented. In the crowded condition (right), three characters (the target is in the middle) are presented. During the response period,
the subject chooses the target from 10 Chinese characters by pressing a key. (C) The procedure of the visual crowding test for gratings (VCG). The uncrowded
gratings condition is on the left, and the crowded condition is in the right. The fixation point is in the center of the screen.

computer, and they were required to focus their eyes on a fixation
point while observing the target with their peripheral vision. The
visual crowing test included two runs (VCC and VCG). Each
run contained two conditions (i.e., the crowded and uncrowded
conditions), and each condition included 60 trials. There were
five practice trials before the formal test to make sure that the
participants understood the task. In the uncrowded condition, a
Chinese character or a grating (the target) appeared randomly to
the left or right of the fixation point. The subjects were asked
to choose the target from 10 Chinese characters or from two
gratings. We only offered the children two options because it was
difficult for the young children to identify subtle differences in
the orientation of the grating if many options were provided.
In the crowded condition, the target was surrounded by two
other flankers horizontally, and the subjects were asked to ignore
the two flankers and pay attention to the target (Figures 1B,C).
They were then asked to identify the target by pressing the
keyboard, i.e., the numeric keys “0–9” corresponding to different
Chinese characters and “F” and “J” corresponding to grating
orientation (left and right). Response accuracy and reaction
time were recorded.

Results and Discussion
Performance accuracy has been shown to be a reliable behavior
indicator of crowding (Whitney and Levi, 2011). Therefore,
the following results are based on the accuracy of the subjects’
response: uncrowded VCC [mean accuracy (MA) = 0.87,
SD = 0.14], crowded VCC (MA = 0.73, SD = 0.21), uncrowded
VCG (MA = 0.72, SD = 0.17), and crowded VCG (MA = 0.67,
SD = 0.14). We first conducted a paired t-test between crowded
and uncrowded conditions and found significant crowding effects
for both word condition (t = 7.879, p = 0.000) and grating
condition (t = 4.110, p = 0.000). We then calculated the visual
crowding strength (VCS), which reflected the extent to which

the subjects’ performance was affected by crowding, using the
following equation (Gong et al., 2018) (1):

VCS =
Uncrowded − Crowded

Uncrowded
(1)

where the numerator is the difference in the accuracy between
the uncrowded and crowded condition, and the denominator
is the accuracy in the uncrowded condition, which serves as
the baseline. The mean visual crowding strength was 0.17
(SD = 0.21) for Chinese characters (VCSC) and 0.05 (SD = 0.18)
for gratings (VCSG).

We then tested the correlation between reading performance
and the crowding effect. VCSC was significantly correlated
with reading fluency after the effect of age and non-verbal IQ
was controlled. In contrast, VCSG was not related to reading
performance or any other cognitive skills (Table 5), suggesting
that reading fluency may be more specifically affected by the
word-induced crowding effect. In addition, VCSC could not
explain significant variance of Chinese word reading accuracy
[VCSC (1F = 1.145, p = 0.29)]. The greater impact of visual
crowding on sentence reading fluency relative to word reading
accuracy may be due to the fact that children’s reading fluency
was tested with characters presented in closely spaced continuous
lists (Jones et al., 2009).

To further examine the contribution of visual crowding to
reading fluency relative to the other cognitive skills, we conducted
a series of fixed-order hierarchical multiple regressions, with
children’s age and IQ being entered into the model as steps 1
and 2, and other skills, including VCSC, RAN, PA, and writing,
as step 3 (Table 6-1). We compared the relative contribution of
VCSC with those of RAN, PA, and writing because these three
factors were found to be critical in predicting reading fluency,
as revealed in Study 1. The results showed that VCSC explained
4.4% (1F = 5.949, p = 0.017) of variance in reading fluency.
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TABLE 5 | Partial correlations between visual crowding effect and reading
performance and cognitive skills, controlling for age and non-verbal intelligence.

VCSG VCSC

Reading fluency −0.140 −0.260*

Word reading 0.016 −0.117

RAN-D, sec 0.175 0.026

RAN-O, sec 0.145 0.035

RAN-C, sec −0.012 −0.083

PA −0.118 −0.126

Forward digit span 0.115 −0.105

Backward digit span −0.066 0.149

Stroop 0.030 0.108

Chinese component search −0.063 −0.203

Writing −0.095 −0.027

VCSG, visual crowding strength of gratings; VCSC, visual crowding strength
of Chinese characters. Asterisk(s) indicates significance levels: *p < 0.05 and
**p < 0.01.

TABLE 6-1 | Summary of hierarchical multiple regressions that tested the
predictive power of various component skill measures for reading fluency.

Step Predictors Reading fluency (1 R2)

Controlling for variation in age and non-verbal IQ

1 Age 0.120**

2 IQ 0.231***

3 VCSC 0.044*

3 VCSG 0.013

3 RAN-D 0.15***

3 RAN-O 0.033*

3 RAN-C 0.039*

3 PA 0.025

3 Forward digit span 0.01

3 Backward digit span 0.006

3 Stroop 0.022

3 Chinese component search 0.003

3 Writing 0.088**

Asterisk(s) indicates significance levels: *p < 0.05; **p < 0.01; and ***p < 0.001.

In addition, RAN-D, RAN-O, RAN-C, and writing fluency
explained 15.0% (1F = 24.667, p < 0.001), 3.3% (1F = 4.432,
p < 0.05), 3.9% (1F = 5.305, p < 0.05), and 8.8% (1F = 12.826,
p = 0.001) of the variance, respectively. In contrast, PA could not
explain a significant proportion of variance in reading fluency
(1F = 3.313, p = 0.072).

Furthermore, we tested whether VCSC, RAN, and writing
fluency accounted for the unique variance of reading fluency.
The results showed that after the effects of RAN, PA, and writing
were controlled, VCSC still accounted for 4.5% (1F = 8.369,
p < 0.01) of variance (Table 6-2), suggesting that VCSC was a
powerful predictor of reading fluency and accounted for unique
variance that was independent of PA, writing, and RAN. Writing
was also a powerful predictor of reading fluency and explained
3.4% of variance (1F = 6.400, p = 0.013) after the effects of
VCSC, RAN, and PA were controlled. In addition, after VCSC,
writing and PA were controlled, RAN-D and RAN-C were

TABLE 6-2 | Summary of hierarchical multiple regressions that tested the
predictive power of visual crowding effects for reading fluency.

Step Predictors Reading fluency (1 R2)

Controlling for variation in age, non-verbal IQ, RAN, PA, and Writing

1 Age 0.120**

2 Non-verbal IQ 0.231***

3 RAN-D 0.150***

4 RAN-O 0.000

5 RAN-C 0.006

6 PA 0.007

7 Writing 0.030*

8 VCSC 0.045**

Controlling for variation in age, non-verbal IQ, VCSC, RAN, and PA

1 Age 0.120**

2 Non-verbal IQ 0.231***

3 VCSC 0.044*

4 RAN-D 0.146***

5 RAN-O 0.000

6 RAN-C 0.010

7 PA 0.003

8 Writing 0.034*

Controlling for variation in age, non-verbal IQ, VCSC, Writing, and PA

1 Age 0.120**

2 Non-verbal IQ 0.231***

3 VCSC 0.044*

4 Writing 0.091***

5 PA 0.011

6 RAN-D 0.075***

6 RAN-O 0.010

6 RAN-C 0.038*

The number on the left indicates the predicators’ order of entering the equation.
Asterisk(s) indicates significance levels: *p < 0.05, **p < 0.01 and ***p < 0.001.

significant predictors, which contributed 7.5% (1F = 13.935,
p < 0.001) and 3.8% (1F = 6.472, p < 0.05) of the variance in
reading fluency, respectively. The results suggested that visual
crowding of characters accounted for unique variance of reading
fluency in children that could not be explained by RAN, PA, or
writing fluency.

GENERAL DISCUSSION

The current study extended previous findings and tested which
cognitive factors accounted for individual differences in reading
fluency in logographic Chinese. According to Perfetti’s verbal
efficiency model, reading efficiency is affected by both lexical
processes and cognitive capacities. Our results generally indicated
a greater importance for lexical cognitive factors (including PA,
RAN, and writing fluency) in Chinese reading fluency than
for cognitive capacities such as working memory and executive
control. We further demonstrated in Study 2 that visual crowding
accounted for unique variance in reading fluency and that the
effect was much more pronounced for crowding caused by
linguistic stimuli than for gratings. The impact of visual crowding
may be related to the presentation format, in that the characters
were presented in close-spaced continuous lists during reading.
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The results showed that children’s reading fluency was
affected mainly by RAN, writing fluency, and PA but that the
roles of these factors were different in beginning readers and
intermediate readers. We found that RAN was a strong predictor
of both reading fluency and word reading accuracy and that
the predictive power was strong in both beginning readers
and intermediate readers. In contrast, PA seemed to be more
important for reading fluency and reading accuracy for beginning
readers than for intermediate readers. Writing fluency predicted
reading fluency but not word reading accuracy, and it played
an increasingly important role during reading development. The
effect of writing skill may reflect accommodation to the demands
of learning to read Chinese.

The importance of RAN in reading fluency has been well-
established across alphabetic orthographies (Protopapas et al.,
2013), and deficit of RAN has been frequently reported in dyslexic
readers (Denckla and Rudel, 1976; Wolf et al., 1986; van den Bos,
1998). In line with previous studies (Liao et al., 2007; Liu et al.,
2017), we found that RAN was a particularly strong predictor
of the reading fluency of Chinese and that its influence was
strong across beginning and intermediate readers. Besides, RAN,
particularly rapid naming of digits, was also closely correlated to
word reading accuracy, although it accounted for less variance
in word reading accuracy than in reading fluency, suggesting
that the relationship of RAN and reading fluency was driven
not simply by a general speeded process but by processes that
were related to the connections between visual and phonological
process (Norton and Wolf, 2012). One explanation for the
important role of RAN skills in predicting reading fluency was
that it involved connecting and automatizing the visual stimuli
with their linguistic information, which was similar to the process
of reading (Denckla and Rudel, 1976; Norton and Wolf, 2012).

Phonological awareness contributed to Chinese reading
fluency in our study, but the effect diminished from beginning to
intermediate readers. In addition, the predictive power of PA for
word-level reading accuracy was significant in beginning readers
but not in intermediate readers. The results were consistent
with previous studies (Huang and Hanley, 1995; Xue et al.,
2013). For example, Georgiou et al. (2008) found that the
impact of PA on reading correlated with reading fluency during
early reading acquisition (Georgiou et al., 2008). Moreover,
phonological processing has been reported to contribute to
reading abilities in different countries, but the role of different
levels of phonological awareness may vary across cultures
(McBride-Chang et al., 2004; Ziegler and Goswami, 2005).
Whereas phoneme awareness was a better predictor of early
reading skills than onset/rime awareness in alphabetic languages
(Hulme et al., 2002), onset/rime awareness was much more
important than phoneme awareness in the development of
Chinese reading (Siok and Fletcher, 2001). In our study, we
focused on PA at the onset-rime level. The results extended
previous studies and demonstrated the important role of onset-
rime PA in reading fluency.

While there have been a great number of studies investigating
RAN and reading fluency, studies examining the relationship
between writing fluency and reading fluency are limited. Previous
studies found that the effect of writing on reading was less robust

and inconsistent in alphabetic systems, but research on Chinese
had demonstrated writing to have a beneficial effect on reading
development (Tan et al., 2005; Guan et al., 2011; Van Yip Tso et al.,
2012). For example, Tan et al. (2005) found a close correlation
between children’s ability to copy characters and word reading
fluency. The relationship was even greater than the relationship
between PA and reading. Consistent with these studies, we
found that writing fluency was closely related to reading fluency
of Chinese in both beginning and intermediate readers. In
addition, writing was more specifically related to reading fluency
than word-reading accuracy. Writing practice may facilitate
the orthographic representation of Chinese characters and
strengthen the link from orthography to meaning (Tan et al.,
2005; Guan et al., 2011), which helps words to be recognized
efficiently and automatically. Previous neuroimaging studies
have supported this notion and showed that writing characters
established higher quality orthographic representation, which
was associated with greater activation in bilateral superior
parietal lobules and lingual gyri (Cao et al., 2013).

Moreover, we found that children who were more affected
by visual crowding also performed worse in the reading fluency
test. Visual crowding contributed unique variance to reading
fluency of Chinese after the effects of RAN, PA, and writing
fluency had been controlled. Despite crowding being well-known
as an essential bottleneck to reading in the periphery, there
has previously been a dearth of research into what the role of
crowding is in reading development relative to other cognitive
factors. During Chinese reading, it was found that there was
both within-character (predominantly in complex characters)
and between-characters crowding, with the latter being much
stronger (Zhang et al., 2009). The strong between-characters
crowding effect may result from improper integration of visual
features of target and flanker characters in the periphery (Levi
et al., 2002; Pelli et al., 2004).

Our findings have important implications for the potential
treatment for individuals who suffer from reading disabilities,
particularly in terms of reading fluency. Previous studies
demonstrated that intensive instruction in phonological skills
improved children’s decoding and word identification but
provided only minimal gains in reading fluency (Meyer and
Felton, 1999; Norton and Wolf, 2012), whereas training programs
that targeted most components of reading significantly improved
both reading accuracy and fluency (Wolf et al., 2009; Morris et al.,
2012). In this study, we found that RAN, PA, writing, and visual
crowding played important roles in reading fluency of Chinese.
A combination of training approaches focusing on these factors
may help Chinese children develop more automatic reading and
have beneficial intervention effects on children who struggle with
reading fluency.

Finally, there are some limitations to this study that are
worth mentioning. First, in the Stroop task, we used squares
instead of words that were unrelated to color in the neutral
condition. The difference in visual complexity (squares vs. words)
between the neutral and incongruent conditions may influence
the differential time that we used as an index of the interference
effect. Second, for the visual crowding test, different numbers
of options were provided to the children in the VCC and VCG
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conditions. Although we did not directly compare between the
two conditions and instead conducted correlational analyses
between reading performance and crowding effect separately for
the VCC and VCG conditions, this resulted in incomparable
baseline accuracy for the VCC and VCG conditions and affected
the values of visual crowding strength. Future studies are needed
to overcome these limitations and to employ more sophisticated
manipulation of the spatial and temporal relations between the
targets and flankers to better characterize and understand the
influence of the crowding effect on reading and particularly to
identify at which stages of reading the crowding has its effect.
Third, the data presented in our study were cross-sectional and
correlational, so we could not make any causal assertions. Further
studies using a longitudinal design are essential to further explore
the causal effects of cognitive factors on reading fluency in
Chinese children.
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