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Abstract The present study was designed to examine the developmental changes
in the character-complexity and word-length effects when reading Chinese script.
Character complexity was defined in two ways: (1) the number of constituent
strokes for characters (Experiment 1), and (2) the number of constituent radicals for
characters (Experiment 2). The word length was defined as the number of characters
in words (Experiment 3). The three experiments involved a lexical recognition task,
and the participants consisted of 25 second graders, 24 fourth graders, 24 sixth
graders, and 25 university students. In Experiment 1, it was found that the response
latencies increased with the number of strokes in characters for second graders,
whereas no effects were evident for fourth graders, sixth graders, or university
students. In contrast, in Experiment 2 no character-complexity effect was found for
the number of radicals. In Experiment 3, only a partial word-length effect was found
for the number of characters for second graders. These results suggest that begin-
ning Chinese readers process characters in an analytical way, but that the decoding
process changes gradually from analytic to holistic as their reading skills develop.
The educational implication of this result is discussed.
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Introduction

Word-length effect refers to response latency increases with the length of words.
This effect is often considered indicative of word recognition involving a sublexical
or analytic reading process. The differential effect of length on high-frequency and
low-frequency words in skilled readers, beginning readers, and dyslexic readers
suggests that the nature of word recognition changes with the development of
reading ability (Martens & de Jong, 2006). However, does the word-length effect
found in alphabetic written languages also occur in logographic script, such as
Chinese? Can the theoretical explanation of word-length effect be generalized to a
language that is not spelled, such as Chinese? Is the nature of developmental
changes in Chinese word recognition similar to that in alphabetic written languages?
These are questions which the present study attempts to answer. Investigating these
questions not only provides cross-language evidences for theoretical implications of
word-length effects, but also helps to understand how Chinese word recognition
skills develop.

In past research, various techniques have been used to investigate word-length
effect in alphabetic written language. The results from adult studies have shown a
mixture of inhibitory effects (longer words are harder) and null effects (reviewed in
New, Ferrand, Pallier, & Brysbaert, 2006). A common finding is that the speed of
reading high-frequency words is not affected by word length for adult skilled
readers, but the latencies for low-frequency words and pseudowords are affected by
length (Ferrand, 2000; Jared & Seidenberg, 1990; Juphard, Carbonnel, & Valdois,
2004; Weekes, 1997).

The results of research involving young readers and dyslexics are more consistent
than those of the adult studies. In young readers, the word-length effect has been
found to exhibit developmental changes that gradually diminish with age
(Aghababian & Nazir, 2000; Bijeljac-Babic, Millogo, Farioli, & Grainger, 2004;
Samuels, LaBerge, & Bremer, 1978; Spinelli, De Luca, Di Filippo, Mancini,
Martelli, & Zoccolotti, 2005; Su, 1997; Zoccolotti, De Luca, Di Pace, Gasperini,
Judica, & Spinelli, 2005). Samuels et al. (1978) conducted a study using a word-
categorization task in which the subjects had to answer (by pressing a button)
whether or not a word presented on a screen related to an animal. They found that
the response latencies of second graders increased with word length, whereas the
word-length effects gradually decreased for fourth and sixth graders, and was
nonexistent for university students. Su (1997) replicated the procedure of Samuels
et al. (1978) and obtained the same results.

Aghababian and Nazir (2000) also found similar developmental changes in
French words when using a perceptual identification task in which word stimuli
were presented briefly with forward and backward masking. They observed an
interaction between grade and word length, with the magnitude of word-length
effect decreasing from first to fifth grade. The same developmental changes were
also found by Bijeljac-Babic et al. (2004). In Italian-speaking readers, Spinelli et al.
(2005) and Zoccolotti et al. (2005) obtained the same results for a naming task.

Furthermore, the influence of length on reading speed is even more evi-
dent in dyslexic readers (e.g., Juphard, et al., 2004; Martens & de Jong, 2006;
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Spinelli, et al., 2005; van der Leij & van Daal, 1999; Ziegler, Perry, Jacobs,
Ma-Wyatt, Ladner, & Schulte-Korne, 2003; Zoccolotti, et al., 2005). Even native
dyslexic speakers of a language characterized by regular orthography, such as
Italian, showed a clear word-length effect for high-frequency words, low-frequency
words, and pseudowords (De Luca, Di Pace, Judica, Spinelli, & Zoccolotti, 1999;
De Luca, Borrelli, Judica, Spinelli, & Zoccolotti, 2002).

The differential effect of length on high-frequency, low-frequency words, and
pseudowords in skilled readers, beginning readers, and dyslexic readers suggests
that the nature of word decoding changes with the development of reading ability
(Martens & de Jong, 2006). These results also support the hypothesis of Samuels
et al. (1978) that beginning readers and non-skilled readers process a word on a
component basis, whereas more-skilled readers process a word in a more holistic
way depending on their decoding skill. The extent of parallel word processing
depends on the number of times a word has been identified after a single fixation on
it (Nazir, Ben-Boutayab, Decoppet, Deutsch, & Frost, 2004). That is, the
establishment of automaticity of word recognition in normal readers requires an
abundance of practice or exposure to reading words that recur in different texts
(Samuels, 2002).

However, do the developmental changes of word-length effects and its
theoretical explanations be generalized to a language that is not spelled, such as
Chinese? Before reviewing relevant research in Chinese, we first describe the main
characteristics of Chinese script.

Written Chinese is a logographic orthography that differs greatly from alphabetic
writing systems. Firstly, these two types of script exhibit different orthographic
structures. The distinct orthographic units in alphabetic writing systems are words,
which comprise letters arranged horizontally from left to right. However, the
distinct orthographic units in Chinese are characters, which are more like single-
syllable morphemes than phonemes or words in English, and are arranged in squares
of similar size. Most Chinese words are represented by two or more characters, and
all characters are constructed from two types of element called strokes and radicals.
The stroke (e.g., a line, “—"" and “]”; or a curve, “|,” and “)”) is the minimal
compositional unit, which is ended when the writing pen leaves the paper.

The literature contains inconsistent definitions of the radical. The first definition
refers to the smallest stroke pattern that comprises one or more strokes (e.g., “{ ?
and “2K”) and recurs independently in different characters (Chen, Allport, &
Marshall, 1996; Honorof & Feldman, 2006; Taft & Zhu, 1997). According to this
definition, the character “%8” (meaning “loud”) has five radicals: three radicals in
the top part (i.e., %P, left-to-right) and two radicals in the bottom part (i.e., &, top-
to-bottom). Another character, “#t” (meaning “row”), has two radicals, although it
appears to contain three components. Because either the left or the right part of “J&”
(meaning “not” in isolation) cannot recur independently in other characters, “JE”
can only be counted as one radical according to the first definition. The second
definition refers to Bu Shou (sometimes called a “semantic radical”’), which means
“semantic root” or “category headers” of a character (Chen et al., 1996; Feldman &
Siok, 1999). Based on this definition, the semantic radical of the character “%&” is
the bottom part “&” (meaning “sound”). The third definition refers to “semantic
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radicals” and “phonetic radicals” in semantic-phonetic compound characters (Chen
et al., 1996; Ho, Ng, & Ng, 2003). By this definition, the semantic and phonetic
radicals of the character “£%” are the bottom part “Z” and the top part “45”,
respectively. The phonetic radical “/§” shares the same pronunciation as the
character “%8”, except for the tone. Irrespective of which definition is adopted, a
radical itself in some cases is a character (e.g., “j'\”), but in most cases a character
consists of more than one radical (e.g., “{*”) (Perfetti & Tan, 1999; Sun & Feng,
1999; Taft & Zhu, 1997).

Secondly, the orthography—phonology relationships are different between alpha-
betic scripts and written Chinese. In alphabetic written languages, the letters
approximate the phonemes, although languages which use the alphabetic system
differ in how close the correspondence between letters and sounds is. Some
languages such as Finnish and Spanish have a close correspondence (shallow
orthography), but other languages (e.g. English) often lack a correspondence
between letters and sounds (deep orthography) (Gazzaniga, Ivry, & Mangun, 2002).
However, written Chinese is not spelled. The orthography—phonology relationship in
Chinese script is quite opaque (Cheung & Ng, 2003). Although in some characters
(i.e., semantic—phonetic compound characters), phonological information is loosely
related to the phonetic components (i.e., phonetic radicals), the components are not
sufficiently reliable to support a systematic approach to pronunciation (Honorof &
Feldman, 2006; Perfetti & Liu, 2006). The semantic—phonetic compounds refer to
the characters that are composed of at least two components: one or more
components provide semantic categorical information, and one component provides
pronunciation cues (Cheung & Ng, 2003; Honorof & Feldman, 2006; Perfetti & Tan,
1999). About 85% of modern Chinese characters are referred to as semantic—
phonetic compounds (Perfetti & Tan, 1999). However, only 26.3% of semantic—
phonetic compounds have an identical pronunciation (including the same tone) to
their phonetic radicals. Most of the phonetic radicals cue a variety of initials, finals,
or tones in the various characters in which they appear (Fan, Gao, & Ao, 1984).

These large differences between Chinese script and alphabetic writing systems
lead to questions such as, does the word-length effect found in alphabetic scripts
also exist in Chinese writing system, and to what extent does the explanation of the
word-length effect (such as sublexical and lexical processing or analytic and holistic
processing) be generalized to Chinese script? Some previous adult studies (Chen,
et al., 1996; Chen & Liu, 2000; Cheng, 1981; Fang, 1994; Just & Carpenter, 1987,
Leong, Cheng, & Mulcahy, 1987; Tan & Peng, 1990), one children study (Chiang,
2003), and one dyslexic study (Yang, 1998) have explored the analogous word-
length effects (i.e., the Chinese character-complexity and word-length effects),
using strokes, radicals, or characters as the unit of analysis. In studies examining
how the number of strokes influences character-recognition latency (i.e., the
character-complexity effect), Just, Carpenter, and Wu (cited in Just & Carpenter,
1987) used an eye-tracking paradigm and found that the gaze duration on Chinese
characters increased with the number of strokes comprising a character. The same
result was obtained by Tan and Peng (1990) in a lexical decision task. Furthermore,
in a tachistoscopic identification task, Cheng (1981), Experiment 2 found that the
response latencies of adults were longer for high-stroke than for low-stroke
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low-frequency characters, but that they did not differ for high-frequency characters.
These findings were replicated by Leong et al. (1987) using a naming task.

In addition, Yang (1998) recruited 18 normal and 18 dyslexic fifth-grade readers
and found that the latencies of normal readers were not influenced by the number of
strokes in a lexical decision task, whereas the reaction times of dyslexic readers
were affected by character complexity. Although both high- and low-frequency
characters were selected, the interaction effect between the number of strokes and
frequency of characters was not analyzed in that study.

Few studies have investigated how the number of radicals influences character-
recognition latency (i.e., another type of character-complexity effect using the
radical as the unit of analysis). Fang (1994, Experiment 3) adopted a mixed task of
lexical decision and stimulus identification, and found that the response latencies of
Chinese adult readers increased with the number of radicals in a character. However,
in this experiment the radical factor was confounded by the stroke factor. That is, the
mean number of strokes was higher in the four-radical characters (18.6) than in
the two-radical characters (9.7). Thus, it is unclear whether the number of radicals or
the number of strokes was responsible for the different response latencies.

Chen et al. (1996) applied a simultaneous same-different comparison task that
required skilled adult readers to make a judgment about the physical identity of two
stimuli presented simultaneously on a computer screen. They found that when the
number of strokes was between 8 and 11, the response latency was longer for three-
radical stimuli than for two-radical stimuli comprising real characters in the “same”
pairs (i.e., two stimuli were identical). But the effect of the number of radicals was
not significant for pseudocharacters and noncharacters. In the “different” pairs (i.e.,
two stimuli were different), for the two-radical stimuli, the main effect of the
proportion of radicals differing (i.e., one radical or two radicals differing) was
significant for real characters, pseudocharacters, and noncharacters. For the three-
radical stimuli, the main effect of the proportion of radicals differing (i.e., one, two,
or three radicals differing) was only significant for real characters, but not for
pseudocharacters and noncharacters. For the completely different pairs (i.e., two
radicals differing in two-radical stimuli, and three radicals differing in three-radical
stimuli), comparisons were significantly faster when comparing different two-
radical pairs than when comparing different three-radical pairs for real characters,
pseudocharacters, and noncharacters. Although an effect of the number of radicals
was shown in the study of Chen et al. (1996), this might be partly due to the nature
of a simultaneous same-different comparison task in which participants have to
judge the physical identity of the two stimuli, and also partly due to the “different”
pairs being manipulated by the proportion of mismatching radicals in each
character. The simultaneous same-different comparison task and the manipulation
of stimuli in the “different” pairs might lead participants to use a strategy comparing
pairs of stimuli radical by radical.

Chen and Liu (2000) attempted to replicate Chen et al.’s (1996) study in their
Experiments 1 and 2. They selected stimuli in a more controlled manner than those
used in Chen et al.’s (1996) study in several respects: (1) not only high frequency
characters but also low frequency characters were included; (2) the number of
strokes and the number of radicals were organized in a completely orthogonal
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design; (3) the mismatching portions between the two stimuli in the “different” pairs
were made comparable across the manipulation of the number of radicals. The
results revealed that the effect of radical number was only obtained for the “same”
pairs of high-frequency characters, but not for low-frequency characters of the
“same” or of the “different” pairs. Moreover, in the “different” judgment and in the
character decision task, the effect of stroke number was found.

Chiang (2003) adopted the design and stimuli used in Chen and Liu’s (2000)
Experiment 1 to investigate the functional orthographic units in children’s
recognition of Chinese characters. Fifth-grade elementary school students were
recruited. In the same-different comparison task, Chiang observed the effect of
radicals only for high-frequency characters, but not for low-frequency characters,
which replicated Chen and Liu’s (2000) finding. These results suggested that the
effect of radicals observed in the “same” judgments might result from specific task-
demands only for familiar characters.

The four studies mentioned above all adopted the first definition of radicals and
investigated if the number of radicals affected response latency. However, some
other studies adopted the second definition of radicals to explore the role of semantic
radical in character recognition (e.g., Feldman & Siok, 1999) or the third definition of
radicals to explore the role of semantic and phonetic radicals in character recognition
(e.g. Leck, Weekes, & Chen, 1995) or the development of metalinguistic awareness
(e.g., Ho et al., 2003). The first definition was used in the present study because its
main purpose was to elucidate the analogous word-length effect, which is also called
the character-complexity effect when the radical is the unit of analysis.

Some studies have examined how the number of characters influences the word-
recognition latency, Just et al. (cited in Just & Carpenter, 1987) found that the gaze
duration on Chinese words increased with the number of characters in a word. In
addition, Fang identified length effects for low-frequency words that were two to
five characters long in a mixed task of lexical decision and stimulus identification
(Fang, 1994, Experiment 1), and for foreign geographical and biographical names
that were two to four characters long in a categorization task and a target detection
task (Fang, 2003, Experiments 1 and 2). However, length effects were not found for
high-frequency words that were two and four characters long in a mixed task of
lexical decision and stimulus identification (Fang, 1994, Experiment 2).

The studies reviewed above on the character-complexity and word-length effects
in Chinese script suggest that Chinese adult readers take more time to process
characters comprising more strokes, especially for low-frequency characters, and
show longer response latencies for low-frequency words comprising more characters.
In addition, the reaction time of Chinese dyslexic children was also affected by
character complexity for the number of strokes. However, it remains unclear whether
there is a character-complexity effect for the number of radicals. In addition, the
developmental changes in the analogous length effects from beginning to mature
Chinese readers remain unknown. Thus, the present study was designed to
systematically investigate developmental changes in character-complexity and
word-length effects when decoding Chinese script. Three experiments were
conducted in this study: Experiments 1, 2, and 3 used strokes, radicals, and characters
as the unit of analysis, respectively, to explore whether there are developmental
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changes in character-complexity and word-length effects in Chinese written language.
The results of this study are useful for elucidating how the nature of Chinese-character
recognition and Chinese-word recognition changes with the development of reading
ability, and also the extent to which the explanation of word-length effect applied to
alphabetic written language can be generalized to Chinese script.

Experiment 1

The purpose of Experiment 1 was to examine whether developmental changes in the
character-complexity effect for the number of strokes occur for the Chinese written
language. This experiment adopted a lexical recognition task that was modified
from the lexical decision task by Hue and Tzeng (2000). These two tasks differ only
with regard to the type of instruction: in a lexical decision task, participants are
usually asked to decide as rapidly as possible whether strings of letters presented on
a screen are real words, whereas in a lexical recognition task, participants are
instructed to indicate whether they know the stimulus on the screen by pressing a
key. It is more difficult for children to understand the instruction of a lexical
decision task, so a lexical recognition task was used in the present study.

Method
FParticipants

The participants were 25 second graders (14 boys, 11 girls; mean age 8.1 years), 24
fourth graders (13 boys, 11 girls; mean age 10.0 years), 24 sixth graders (13 boys,
11 girls; mean age 12.0 years), and 25 university students (4 males, 21 females;
mean age 19.6 years). The participants in the first three groups were selected from a
primary school in Taipei County, Taiwan. They all exhibited average decoding
abilities for their grade level: their T scores on the Graded Chinese Character
Recognition Test (Huang, 2001) were all in the range 49-51. The university
students were recruited from enrollees in an introductory psychology class at the
National Taiwan Normal University, Taipei, Taiwan.

Design and stimuli

The stimuli used were 45 real characters and 45 pseudocharacters. The 45 real
characters comprised 15 low-complexity, 15 moderate-complexity, and 15 high-
complexity characters, for which the mean numbers of strokes were 5.53, 13.40, and
21.33, respectively (see Appendix Table 4). All characters were level-A (i.e., high-
frequency) characters, as defined by a frequency count of primary-school reading
material (National Institute for Compilation and Translation, 1999)-they exhi-
bited frequencies higher than 196 in a corpus of 1,419,219 Chinese characters of
primary-school reading material. The mean frequencies of the low-, moderate-,
and high-complexity characters were 556.07, 557.60, and 557.13, respectively.
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The manipulation was checked by performing two analyses of variance (ANOV As),
which showed that the number of strokes differed between the three groups of
characters, F(2, 42) = 589.78, MSE = 1.59, p < .001. The frequencies of the three
groups of characters did not differ (F < 1).

The 45 pseudocharacters comprised 15 low-complexity, 15 moderate-complex-
ity, and 15 high-complexity characters, for which the mean numbers of strokes were
5.53, 13.33, and 21.47, respectively. The pseudocharacters contain real components
of Chinese characters, and the components are in the correct position. In other
words, the structure of the pseudocharacters follows Chinese orthographic rules.
However, these are nonexistent Chinese characters. The pseudocharacters were
included to avoid participants pressing “Yes” without making a judgment.

The characters were set up in standard Kai Shu (#Z$%) font. Each character was
presented on the 13-inch screen of an IBM 390E notebook computer at a size of
approximately 6 cm high and 6 cm wide, and appeared white on a black background
to minimize flicker.

A 4 x 3 (grade level x character complexity) mixed-factor design was adopted.
The between-subjects factor was grade level (grades two, four, six, and university),
and the within-subjects factor was character complexity for the number of strokes
(low, moderate, and high complexity). All participants were tested with the complete
set of 90 characters, and the order of stimuli was randomized for each participant.

Procedure

All participants were tested individually. Prior to data collection, the primary-school
students were shown the 45 real characters and 45 pseudocharacters on index cards.
They were requested to answer whether or not they knew the characters on the index
cards. If they stated that they knew a character, this was confirmed by asking them
to read it aloud. If a student had difficulty with this, the student was helped in
pronouncing the character, and the character was subsequently reintroduced until
the student could recognize all of the characters successfully. This procedure was
carried out to ensure that the primary-school students could read the characters to be
tested (Samuels et al., 1978).

The experimental procedure was a lexical recognition task. Each trial began with
a beep sound signifying the ready signal, and a fixation cross (+) was displayed at
the center of the screen for 1000 ms. The fixation cross then disappeared for
1100 ms and the stimulus was displayed for a maximum of 8 seconds. What the
participants had to do was to indicate as rapidly as possible whether they knew the
character by pressing the “Yes” key.

Ten practice trials were presented at the beginning of the task. Five high-
frequency real characters and five pseudocharacters were used in the practice trials.
The practice stimuli were different from the 45 characters and 45 pseudocharacters
to be tested. The order of the practice stimuli was randomized. Each participant had
to exhibit an accuracy rate of at least 80% in order to pass the practice trials;
otherwise they had to practice again. The entire experimental procedure was
controlled by a program designed by Chen and Cho (2000).
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Results

The analyses were based on the data of the 45 real characters. All incorrect responses
were excluded from the analysis of latency. In addition, outliers (defined as a latency
of less than 200 ms or more than three standard deviations away from a subject’s
condition mean) were also eliminated (Bush, Hess, & Wolford, 1993). This procedure
eliminated 3.99% of the data. The mean and standard deviation of the latency and
the percentage of correct responses to real characters as functions of character
complexity across grade level are listed in Table 1. The data in Table 1 suggest that
there was no trade-off between speed and accuracy in this lexical recognition task.

The latency data were analyzed using two-way ANOVAs of mixed design. The
two factors were the grade level (grades two, four, six, and university) and the
complexity of characters for the number of strokes (low, moderate, and high
complexity). The first factor was manipulated between subjects and the second factor
was manipulated within subjects. The results revealed main effects for the grade
level [F(3, 94) = 63.29, MSE = 55,273.0, 5* = .67, p < .001; F5(3, 126) = 357.58,
MSE = 6,128.96, ;72 =.90, p < .001 (where F) is the result of analysis across subject
means and F, is the result of analysis across item means)], and the complexity
of characters [F;(2, 188) = 18.14, MSE = 5,193.07, ;72 =.16,p < .001; F»(2,42) =
3.80, MSE = 14,086.66, ;72 = .15, p < .05]. The interaction effect was also signif-
icant [F,(6, 188) = 7.28, MSE = 5,193.07, > = .19, p < .001; F,(6, 126) = 3.54,
MSE = 6,128.96, n* = .14, p < .01].

An adjusted comparison-wise error rate (p = .05/7 = .007) was used to analyze
the simple effect of character complexity, in order to control for type I error
inflation. The analysis showed that the simple effect of character complexity

Table 1 Mean and standard
deviation (SD) of latencies
(reaction time, RT) in
milliseconds and the percentage

Low Moderate High
complexity  complexity  complexity

of correct responses to real Grade 2 Mean RT  987.58 1053.66 1158.62
characters as functions of SD 181.09 180.22 243.29
character complexity and grade % Correct  95.68 96.44 92.96
level (Experiment 1) Grade 4  Mean RT  875.16 906.85 931.18
SD 162.95 175.64 159.11

% Correct 98.00 99.42 97.46

Grade 6 Mean RT 712.88 695.54 719.96

SD 135.76 69.48 99.46

% Correct 98.00 96.87 95.75

University Mean RT  568.10 574.27 578.57

SD 69.39 82.38 100.29

% Correct 98.32 99.72 99.20

Total Mean RT  785.77 807.71 847.52

SD 214.41 230.98 273.55

% Correct 97.49 98.11 96.34
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was significant in second graders [F(2, 188) = 35.82, MSE = 5,193.07, p < .007;
F>(2, 168) = 13.10, MSE = 8,118.38, p < .007], but not in fourth graders
[F1(2, 188) = 3.65, MSE = 5,193.07, p = .028; F»(2, 168) = 1.17, MSE = 8,118.38,
p = .31], sixth graders, or university students (all F; < 1). Post-hoc comparisons
using the Bonferroni correction procedure (p = .007/3 = .0023) revealed that the
second graders took longer to recognize high-complexity characters (1159 ms) than
low- and moderate-complexity characters (988 ms and 1054 ms, respectively).

The results of an analysis of accuracy data showed a main effect for the grade
level [Fi(3, 94) = 9.12, MSE = 2591, 5* = 23, p < .001; F5(3, 126) = 9.93,
MSE = 14.02, 772 =.19, p < .001]; however, the main effect of the number of strokes
was not reliable found, which was significant across subject means [F(2, 188) =
3.75, MSE = 21.13, ;72 = .04, p < .05] but not significant across item means
[F5(2,42) = 1.46, MSE = 32.56, p = .24]. Furthermore, the interaction effect was not
significant either across subject means [F(6, 188) = 1.13, MSE = 21.13, p = .35] or
across item means [F,(6, 126) = 1.00, MSE = 14.02, p = 43].

Discussion

As shown in Fig. 1, the response latencies of second graders increased with the
character complexity, whereas those of fourth graders, sixth graders, and university
students did not. This developmental change in character recognition is similar to
previous findings for alphabetic writing systems (Aghababian & Nazir, 2000;
Bijeljac-Babic et al., 2004; Samuels et al., 1978; Su, 1997), and was also replicated
by a follow-up study conducted by Chen and Su (2009). Chen and Su recruited poor,
average, and good third-grade readers, and adopted the same task and stimuli as in
our Experiment 1. They found that both reading-ability and character-complexity
effects were significant, but that the interaction effect was not significant. The
differences in latencies between low- and high-complexity characters were largest
for poor readers, followed by average and then good readers.

1400
1200
2 1000 /
g ———
s 80T [ Sere—— P g 6 T [
g 600f » - #® | & Grade 4
S 4wt —&— Grade 6
—— College
200
u 1 L J
low moderate high

character complexity

Fig. 1 Latency of lexical recognition versus character complexity for grades 2, 4, and 6, and university
students (Experiment 1)
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Nevertheless, the finding that university students did not exhibit character-
complexity effects differs from those of some other studies (Just & Carpenter, 1987;
Leong et al., 1987; Tan & Peng, 1990). This discrepancy might be due to the printed
frequencies of the characters selected as stimuli. The frequencies of characters were
not reported by either Just et al. (cited in Just & Carpenter, 1987) or Tan and Peng
(1990), and hence it is unclear whether the stimuli were high- or low-frequency
characters. In the study of Leong et al. (1987), the characters had a difficulty level at or
below grade 6, and they were selected according to the printed frequency (high or
low). Although a character-complexity effect was observed for low-frequency
stimuli, this was not present for high-frequency characters. Because the stimuli
selected in our Experiment 1 were high-frequency characters, the university students
tended to process these characters as a whole rather than performing analytical
processing.

The results of our Experiment 1 and Chen and Su (2009, Experiment 1) suggest
that beginning Chinese readers process characters analytically, as did second graders
in our Experiment 1 and third graders in their study. The word-length effect in
alphabetic script suggests the use of letter-by-letter processing, but the character-
complexity effect for the number of strokes implies feature processing, which means
the visual analysis of primitive features, such as horizontal lines, vertical lines,
intersections, dots, open curves, etc. Furthermore, more-skilled Chinese readers
appear to process characters holistically, as did sixth graders and university students
in our experiment. That is, the way in which Chinese readers process characters
varies with reading ability. The effect of frequency found in adult studies reflects the
effect of learning in a broad sense. The extent of parallel word processing depends on
the number of times a word has been identified after a single fixation on it (Nazir
et al., 2004). High-frequency characters are more likely to be read, and hence the
degree of parallel processing is higher for high-frequency characters than for low-
frequency characters.

One limitation of our Experiment 1 is that the number of radicals in the stimuli
was inevitable confounded by the number of strokes. The mean number of radicals
was significantly higher in high-complexity characters (3.93) than in moderate-
complexity (2.73) and low-complexity (2.00) characters. If the results found in this
experiment were attributable to the number of radicals, then controlling the stroke
number and the frequency of characters should reveal the effect of the number of
radicals. This was examined in Experiment 2.

Experiment 2

The purpose of Experiment 2 was to determine whether there are developmental
changes in the character-complexity effect for the number of radicals on Chinese-
character recognition. The definition of radical adopted in this experiment was the
smallest stroke pattern comprising one or more strokes and that recurred
independently in different characters. The lexical recognition task as described for
Experiment 1 was adopted.
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Method

Participants

The participants were the same as for Experiment 1.
Design and stimuli

The stimuli used were 39 real characters and 39 pseudocharacters. The 39 real
characters comprised 13 two-radical, 13 three-radical, and 13 four-radical characters
(see Appendix Table 5). All characters were level-A (i.e., high-frequency)
characters, as defined by a frequency count of primary-school reading material, as
mentioned in Experiment 1 (National Institute for Compilation and Translation,
1999). The mean frequencies of the two-radical, three-radical, and four-radical
characters were 465.00, 469.54, and 465.92, respectively, and the mean numbers of
strokes in these characters were 13.62, 14.85, and 15.69, respectively. The
manipulation was checked by performing two ANOV As, which showed that neither
frequencies nor strokes differed between the three groups of characters [F < 1 and
F(2,36) = 2.24, MSE = 6.32, p = .121, respectively].

The 39 pseudocharacters comprised 13 two-radical, 13 three-radical, and 13
four-radical pseudocharacters, for which the mean numbers of strokes were 13.23,
14.31, and 15.54, respectively. The pseudocharacters contain real components
of Chinese characters, and the components are in the correct position. In
other words, the structure of the pseudocharacters follows Chinese orthographic
rules. However, these are nonexistent Chinese characters. The pseudochar-
acters were included to avoid participants pressing “Yes” without making a
judgment.

The font, size, and color of the stimuli were all the same as in Experiment 1. All
of the stimuli were presented on an IBM 390E notebook computer.

A 4 x 3 (grade level x number of radicals) mixed-factor design was adopted.
The between-subjects factor was grade level (grades two, four, six, and university),
and the within-subjects factor was the number of radicals in characters (two, three,
and four radicals). All participants were tested with the complete set of 78
characters, and the order of stimuli was randomized for each participant.

Procedure

The procedure was the same as in Experiment 1.

Results

The analyses were based on the data of the 39 real characters. All incorrect
responses were excluded from the analysis of latency, as were outliers (defined as a

latency of less than 200 ms or more than three standard deviations away from a
subject’s condition mean) (Bush et al., 1993). This procedure eliminated 4.45% of
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Table 2 Mean and standard

deviatbion (.SD) of laFencies ;l;l‘giocals :a}eriiZIS E\%ﬂials
(reaction time, RT) in

g}’ggﬁgﬁ?‘:;;zi;:: DereetIE Grade 2 Mean RT 1188.17 119742 1133.05

characters as functions of the SD 300.86 267.19 251.83

number of radicals and grade % Correct 96.62 94.46 93.54

level (Experiment 2) Grade 4 Mean RT 984.18 982.87 978.12

SD 220.60 179.20 226.47

% Correct 95.19 98.08 96.47

Grade 6 Mean RT 744.54 772.29 737.34

SD 129.70 126.62 130.24

% Correct 96.47 96.79 98.40

University Mean RT 605.80 603.15 603.81

SD 89.92 83.80 90.14

% Correct 97.23 98.77 99.08

Total Mean RT 881.01 889.17 863.19

SD 301.66 286.26 277.81

% Correct 96.39 97.02 96.86

the data. The mean and standard deviation of the latency and the percentage of
correct responses to real characters as functions of the number of radicals across
grade level are listed in Table 2. The data in Table 2 suggest that there was no trade-
off between speed and accuracy in this lexical recognition task.

The latency data were analyzed using two-way ANOVAs of mixed-factor
design. The two factors were the grade level (grades two, four, six, and university)
and the number of radicals in characters (two, three, and four radicals). The first
factor was manipulated between subjects and the second factor was manip-
ulated within subjects. The results showed a main effect for the grade level
[F1(3, 94) = 48.03, MSE = 97,654.59, 5* = .61, p < .001; F5(3, 108) = 423.51,
MSE = 5,952.11, ;72 = .92, p < .001]; however, the main effect of the number
of radicals was not reliably identified, which was significant across subject means
[Fi(2, 188) = 3.31, MSE = 5,155.23, 172 = .03, p < .05], but not across item
means (F, < 1). The mean response latencies of two-, three-, and four-radical
characters were 881 ms, 889 ms, and 863 ms respectively, which did not reveal a
length effect. Furthermore, the interaction effect was not significant across either
subject means [F(6, 188) = 1.39, MSE = 5,155.23, p = .222] or item means

The results of an analysis of accuracy data showed a main effect for the grade
level [Fy(3, 94) = 4.89, MSE = 32,51, 5* = .14, p < .01; Fx(3, 108) = 4.06,
MSE = 20.55, 772 = .10, p < .01]; however, the main effect of the number of
radicals was not significant across either subject means or item means (Fy < 1).
Furthermore, the interaction effect was not reliably identified, which was significant
across subject means [F(6, 188) = 2.22, MSE = 22.82, ;72 = .07, p < .05] but not
across item means [F,(6, 108) = 1.31, MSE = 20.55, p = .26].

@ Springer



1098 Y.-F. Su, S. J. Samuels

Discussion

In Experiment 2 the number of radicals in a character had no reliable effect on the
latencies of character recognition. Even though the effect of the number of radicals
was significant across subject means, the mean response latencies of two-, three-,
and four-radical characters were 881 ms, 889 ms, and 863 ms respectively, which
did not reveal a length effect. This result suggests that the findings of Experiment 1
are not attributable to the number of radicals. These results were replicated by a
follow-up study (Chen & Su, 2009, Experiment 2) for poor, average, and good third-
grade readers, but differ from the findings of Fang (1994) and Chen et al. (1996). As
mentioned in the Introduction, the radical factor was confounded by the stroke
factor in Experiment 3 of Fang (1994), whereas in our Experiment 2— which
controlled for the number of strokes — the mean number of strokes did not differ
significantly between the three levels of the radical factor. Hence, the differing
response latencies in Experiment 3 of Fang (1994) might be at least partially
attributable to the number of strokes rather than the number of radicals.

In addition, the results obtained by Chen et al. (1996) might be partly due to the
nature of a simultaneous same-different comparison task in which participants have
to judge the physical identity of the two stimuli, and also partly due to the “different”
pairs that were manipulated by the proportion of mismatching radicals in each
character. In contrast, our Experiment 2 adopted the lexical recognition task modified
from the lexical decision task that is commonly used in word-recognition research.

Nevertheless, caution is still required when drawing conclusions from our
experiment, since some other studies have shown that radical activation is involved
in character recognition (e.g., Taft & Zhu, 1997), though they were not designed to
investigate the character-complexity effect for the number of radicals. Although the
results of our experiment appear to indicate that Chinese readers do not process
characters on a radical-by-radical basis, at least for high-frequency moderate-
complexity characters, this does not mean that radical activation is not involved in
the process of character recognition. However, it remains to be determined whether
this finding only applies to high-frequency moderate-complexity characters (mean
number of strokes is around 14), or also to high-frequency high-complexity
characters and low-frequency characters.

In addition, one follow-up experiment is also suggested to confirm the results
obtained in Experiment 1 do result from the effect of stroke number rather than the
effect of radical number. This experiment should test if the manipulation of the
number of strokes while the number of radicals is controlled still reveals a
significant effect independently.

Experiment 3
The purpose of Experiment 3 was to determine whether there are developmental
changes in the word-length effect for the number of characters on Chinese-word

recognition. The lexical recognition task as described for Experiment 1 was
adopted.
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Method

Participants

The participants were the same as in Experiment 1.
Design and stimuli

The stimuli were 45 real words and 45 nonwords. The 45 real words comprised 15
two-character, 15 three-character, and 15 four-character words (see Appendix
Table 6). Because no data were available on the word frequency count based on
primary-school reading material, the frequencies of all words selected in this
experiment were estimated from the frequency count in the Corpus-Based Frequency
Count of Words in Journal Chinese surveyed by Academia Sinica in Taiwan
(Chinese Knowledge Information Processing Group, 1993). This frequency count of
words was based on adult reading material in general. In addition, since it was
difficult to find 15 high-frequency four-character words that would be expected to be
known by primary-school students, moderate- to high-frequency words were used in
this experiment. The mean frequencies of two-character, three-character, and four-
character words were 304.73, 304.73, and 304.80, respectively, in a corpus of
9,529,233 Chinese words in journals. The frequencies did not differ among the three
groups of words (F < 1). The stimuli were presented on an IBM 390E notebook com-
puter as in Experiment 1.

The 45 nonwords comprised 15 two-character, 15 three-character, and 15 four-
character nonwords. The characters of the nonwords were randomly selected from
the 45 real words, but the combinations of the characters are nonexistent Chinese
words. The nonwords were included to avoid participants pressing “Yes” without
making a judgment.

A 4 x 3 (grade level x word length) mixed-factor design was adopted. The
between-subjects factor was grade level (grades two, four, six, and university), and
the within-subjects factor was word length (two, three, and four characters). All
participants were tested with the complete set of 90 stimuli, and the order of stimuli
was randomized for each participant.

Procedure

The procedure was the same as in Experiment 1.

Results

The analyses were based on the data of the 45 real words. All incorrect responses
were excluded from the analysis of latency, as were outliers (defined as a latency of
less than 200 ms or more than three standard deviations away from a subject’s

condition mean) (Bush et al., 1993). This procedure eliminated 2.70% of the data.
The mean and standard deviation of the latency and the percentage of correct
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Table 3 Mean and standard
deviation (SD) of latencies
(reaction time, RT) in
milliseconds and the percentage

Two Three Four
characters characters characters

of correct responses to real Grade 2 Mean RT 1189.01 1149.45 1233.17
words as functions of the SD 248.66 238.13 283.75
number of characters and grade % Correct 95.47 98.40 97.87
level (Experiment 3) Grade4  MeanRT  1007.39 982.46 987.21
SD 174.30 191.50 154.25

% Correct 96.67 99.17 99.72

Grade 6 Mean RT 800.09 771.47 821.20

SD 112.37 75.49 113.45

% Correct 97.50 99.17 99.44

University Mean RT 617.73 626.01 654.60

SD 71.24 76.39 91.32

% Correct 99.20 99.73 98.40

Total Mean RT 903.55 882.46 924.45

SD 272.26 257.62 278.61

% Correct 97.21 99.12 98.84

responses to real words as functions of word length across grade level are listed in
Table 3. The data in Table 3 suggest that there was no trade-off between speed and
accuracy in this lexical recognition task.

The latency data were analyzed using two-way ANOV As of mixed-factor design.
The two factors were the grade level (grades two, four, six, and university) and the
word length (two, three, and four characters). The first factor was manipulated
between subjects and the second factor was manipulated within subjects. The results
showed a main effect for grade level [F(3, 94) = 59.56, MSE = 73,044.38, 112 = .66,
p < .001; F5(3, 126) = 713.03, MSE = 3,716.79, 5> = .94, p < .001]; however, the
main effect of word length was not reliably identified, which was significant across
subject means [F(2, 188) = 6.78, MSE = 6,277.31, 172 = .07, p < .01], but not
across item means [F,(2, 42) = 1.39, MSE = 19,844.38, p = .261]. Furthermore, the
interaction effect was not significant across subject means [F(6, 188) = 1.55,
MSE = 6,277.31, p = .165] or item means [F,(6, 126) = 1.61, MSE = 3,716.79,
p = .150].

Based on the data applying to across subject means, the simple effect of word
length was significant in second graders [F(2, 188) = 6.99, MSE = 6,277.31,
p < .007] but not in fourth graders (F; < 1), sixth graders [F;(2, 188) = 2.38,
MSE =6,277.31, p =.10], or university students [F;(2, 188) = 1.49, MSE = 6,277.31,
p = .23]. Post-hoc comparisons using the Bonferroni correction procedure (p = .007/3 =

.0023) only revealed that the latency of three-character words (1149 ms) was
marginally significantly shorter than that of four-character words (1233 ms) in second
graders, with there being no other significant differences in paired comparisons.

The results of an analysis of accuracy data showed a main effect for the grade
level [F(3, 94) = 4.99, MSE = 9.73, n” = .14, p < .01; F5(3, 126) = 3.17, MSE =
921, n”» = 07, p < .05] and a main effect of the number of characters
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[Fi(2, 188) = 12.11, MSE = 8.67, * = .11, p < .001; Fy(2, 42) = 4.71,
MSE = 13.67, 172 = .18, p < .05]. Furthermore, the interaction effect was not reli-
ably identified, which was significant across subject means [F(6, 188) = 2.25,
MSE = 8.67, 172 = .07, p < .05] but not across item means [F,(6, 126) = 1.28,
MSE = 9.21, p = .27]. According to the analysis of post-hoc comparisons, although
the accuracy rate was significantly lower for two-character words (97.21%) than for
three-character (99.12%) and four-character (98.86%) words, this did not show a
word-length effect where longer words were harder.

Discussion

As mentioned in Method section, since no data were available on the word
frequency count based on primary-school reading material, the frequencies of all
words selected in Experiment 3 were estimated from an adult corpus of word
frequency. However, as Table 3 shown, the accuracy rates of two-character, three-
character, and four-character words for second to sixth graders ranged from 95.47 to
99.72 percent. If the selected high frequency words for adults were actually low
frequency words for children, the accuracy rates would not be that high.

Based on the analysis of latency data, Experiment 3 showed that the number of
characters had a partial effect on word recognition for second graders, but not for
fourth graders, sixth graders, or university students. This results were not identical
to those of the follow-up study conducted by Chen and Su (2009, Experiment 3).
In their study, the main effects of reading ability and word length were both
significant. However, the interaction effect was significant across item means but
only marginally significant across subject means. For the third-grade poor readers,
the latencies differed significantly between two- and three-character words, two-
and four-character words, and three- and four-character words, with longer words
taking more time to process than shorter words. For the average and good third-
grade readers, the latencies differed significantly between two- and four-character
words and between three- and four-character words; however, the reaction time
did not differ significantly between two- and three-character words. The difference
in findings between these two studies might be partly attributable to the
characteristics of the participants recruited. The socioeconomic status of the
school district was higher for the children of the present study than for those in
the study of Chen and Su (2009), and the literature on reading research contains
many correlational studies showing that family resources influence the reading
abilities of children. It appears that beginning readers and non-skilled readers
demonstrate a clear word-length effect, but this becomes less apparent as reading
skills mature.

Moreover, the results of more skilled readers in the present study are similar to
those of Fang (1994, Experiment 2), but differ from those of some other studies
(Fang, 1994, Experiment 1; Fang, 2003, Experiments 1 and 2; Just & Carpenter,
1987). The main reason for this discrepancy could be the printed frequency of the
words selected as stimuli. The frequency of words was not reported in the study of
Just et al. (cited in Just & Carpenter, 1987). The stimuli selected in Experiment 1 of
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Fang (1994) were low-frequency words, and the words used in Experiments 1 and 2
of Fang (2003) were foreign geographical and biographical names. However, the
stimuli used in Experiment 2 of Fang (1994) were high-frequency words. Our
Experiment 3 also selected moderate- to high-frequency words as stimuli. It appears
that length effects are present when low-frequency words or unfamiliar words (such
as foreign geographical and biographical names) are used, but are less likely to be
found when high-frequency words are adopted and skilled readers are recruited. As
discussed for Experiment 1, the effect of frequency reflects reading experience or
the effect of learning in a broad sense. Because high-frequency words are more
likely to be read, the degree of parallel processing is higher for high-frequency
words than for low-frequency words.

Nevertheless, one limitation of our Experiment 3 is that the numbers of strokes
and radicals were not controlled. It is difficult to select three sets of moderate-to-
high-frequency Chinese words with different lengths, and also control the numbers
of strokes and radicals. In the cases of fourth graders, sixth graders, and university
students, since the word-length effects were not significant, this result cannot be
attributed to the number of strokes or radicals. In the case of second graders,
because the effect of the number of radicals was not significant in Experiment 2,
the word-length effect found in Experiment 3 might not be due to the number of
radicals. However, the stroke effect in Experiment 1 was significant for second
graders, and hence further research is needed to clarify whether the word-length
effect found here was affected by the number of strokes or the number of
characters.

General discussion

The present study conducted three experiments to examine the developmental
changes in character-complexity and word-length effects when reading Chinese
script. The major findings are based on the analysis of latency data for two reasons.
First, word-length effect refers to response latency increases with the length of
words. Secondly, the accuracy rates were quite high in the present study. In the
analysis of accuracy data, neither the main effects of analogous word-length nor the
interaction effects between grade and analogous word-length were reliably found in
all three experiments.

The results of the three experiments reported in this article can be summarized as
follows. When high-frequency characters were selected as stimuli and the character
complexity was defined as the number of constituent strokes of characters, the
response latencies of second graders increased with the character complexity,
whereas those of fourth graders, sixth graders, and university students did not.
However, when character complexity was defined as the number of constituent
radicals of characters, no effect of character complexity was found. Moreover, when
word length was defined as the number of constituent characters of words, only a
partial length effect was found for second graders. Although these three experiments
were conducted in a single session, the order of the three experiments was the same
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for all participants. In addition, all participants were allowed to rest if they wanted
to at the end of each experiment, and even second graders were able to finish the
three experiments in about 20 min. Therefore, it appears that the reported results
were not contaminated by a carry-over effect.

The developmental changes found in Experiment 1 are similar to the effects
found in previous research on alphabetic writing systems. The results support the
hypothesis of Samuels et al. (1978) that beginning readers process a word on a
component basis, whereas more-skilled readers process a word in a more holistic
way depending on their decoding skill. When reading Chinese script, beginning
readers recognize characters analytically, and hence their response latencies
increase with the number of constituent strokes. However, the decoding process
gradually changes from analytic to holistic as their reading skill develops.
Therefore, the latencies of the fourth graders, sixth graders, and university students
did not increase with the number of strokes. Bijeljac-Babic et al. (2004) considered
the developmental transition from less-skilled to skilled word recognition to
represent a shift from sequential to parallel processing. They postulated that less-
skilled readers process a stimulus string in an alphabetic writing system serially
from left to right, whereas skilled readers process a letter string in chunks. However,
left-to-right serial processing is not directly applicable to Chinese-character
decoding. As mentioned in the introduction, Chinese characters are arranged in
squares of similar size irrespective of the number of constituent strokes or radicals,
and hence character recognition by beginning readers is better represented by
analytical processing than by serial processing.

In addition, the word-length effect in alphabetic scripts implies letter-by-letter
processing, whereas the character-complexity effect for the number of strokes in
Chinese script implies feature processing. Feature processing by beginning Chinese
readers takes time when they are attempting to recognize characters. As their
reading abilities develop, the character-recognition process might gradually change
from feature processing to feature-cluster processing or holistic processing of the
whole character. However, whether or not the feature-cluster processing is
equivalent to radical processing it is still not clear from the present study.
Nevertheless, the findings of Experiment 1 have implications for education. That is,
if readers process characters analytically, as do beginning readers and nonskilled
readers, their reading speed must be low and their reading comprehension should be
affected due to the limitation of cognitive resources.

In addition, the present study found that the response latencies of second graders
in character recognition increased with the number of strokes in a character but not
with the number of radicals therein. These results appear to indirectly support the
interactive constituency model of Chinese-character identification proposed by
Perfetti and Tan (1999). The interactive constituency model assumes that two levels
of processing are involved in Chinese-character recognition. The first level is stroke
analysis, in which each stroke and its positional relationships with other strokes are
detected. These detected features send activation to the second level, which consists
of four constituent representation subsystems: (1) the character orthographic
subsystem, (2) the noncharacter orthographic subsystem, (3) the phonological
subsystem, and (4) the meaning subsystem. The character orthographic subsystem
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represents simple and compound characters, including those phonetic and
semantic radicals that are themselves legal characters. The noncharacter ortho-
graphic subsystem stores radicals that are not independent characters. According
to this model, the character-recognition latencies of beginning readers should
increase with the number of strokes. That is exactly what was found in the present
study.

Based on the interactive constituency model, the developmental progress in
decoding skills found in Experiment 1 may be mainly due to a reduction in the
contribution of activation of each stroke code to the character code. Therefore, for
less-skilled readers, the character code requires outputs from relatively well-
activated constituent stroke codes. In contrast, for skilled readers, the position and
feature information reach the character code before the processing of individual
stroke codes is complete.

Caution is required when drawing conclusions from Experiment 2 finding no
effect of the number of radicals, because some other adult studies found that radical
activation was involved in character recognition (e.g., Taft & Zhu, 1997); however,
those studies were not designed to investigate the character-complexity effect for
the number of radicals. The results of this experiment suggest that Chinese readers
do not process characters on a radical-by-radical basis, at least for high-frequency
moderate-complexity characters, but this does not mean that radical activation is not
involved in the process of character recognition. However, further research is
needed to examine whether or not this finding only applies to high-frequency
moderate-complexity characters, or also to high-frequency high-complexity char-
acters and low-frequency characters.

In relation to the effects of the number of characters, the findings of both the
previous and the present research appear to indicate that length effects are present
for skilled readers when low-frequency or unfamiliar words (e.g., foreign
geographical and biographical names) are used, but not when high-frequency
words are used. However, for beginning readers and nonskilled readers, word-
length effects were found even when using high-frequency words. These findings
can be explained partly by the top two representation levels (i.e., word level and
character level) of the multilevel interactive-activation model (Taft & Zhu, 1997).
This model assumes four levels of representation: strokes, radicals, characters, and
words. When words are encountered, the word code requires information from
relatively well-activated constituent character codes. However, as reading abilities
develop or reading experiences increase, the character information might reach the
word code before the processing of individual character codes is complete.
Therefore, when high-frequency words are encountered, a word-length effect is
shown by beginning readers and nonskilled readers but not by skilled readers.
However, even skilled readers show a word-length effect when low-frequency
words are used.

In conclusion, developmental changes in the character-complexity effect were
found when high-frequency characters were adopted as stimuli and character
complexity was defined as the number of constituent strokes of characters.
However, when character complexity was defined as the number of constituent
radicals of characters, the complexity effect was not found in this study. In addition,
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when word length was defined as the number of constituent characters of words,
beginning readers showed a word-length effect for high-frequency words, but more-
skilled readers did not. As our knowledge, this study is the first research designed to
systematically investigate developmental changes in Chinese character-complexity
and word-length effects, and demonstrated how the nature of Chinese character and
word recognition changes with the development of reading skills. This study not
only provides cross-language evidence supporting the hypothesis of Samuels et al.
(1978), but also has implications for reading educators.
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Appendix

See Tables 4, 5 and 6.

Table 4 The number of strokes and frequencies of low-, moderate-, and high-complexity characters used
in Experiment 1

Low complexity Moderate complexity High complexity

Character Number  Frequency Character Number  Frequency Character Number  Frequency

of strokes of strokes of strokes
Jn 5 1604 & 11 1593 B 23 1574
R 5 1153 bt 11 1190 B 20 1230
B 6 895 B 12 890 % 22 892
M 5 772 e 14 749 7 22 753
] 5 521 b7 15 542 # 21 498
5 5 491 5 14 502 . 21 480
= 4 462 E= 14 486 8, 21 477
1] 4 416 23 12 414 B 23 397
w 7 386 5 15 378 =) 21 375
b3y 7 339 5 15 322 B 21 336
2L 7 325 3 15 321 L=} 23 326
L 4 299 b/ 13 291 s 20 295
& 7 273 #H 12 283 g 20 278
% 7 206 iy 15 205 ] 21 242
75 5 199 il 13 198 E 21 204
Mean 5.53 556.07  Mean 13.40 557.60  Mean 21.33 557.13
SD 1.19 39421  SD 1.50 39570  SD 1.05 395.05
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Table 5 The number of strokes and frequencies of two-, three-, and four-radical characters used in
Experiment 2

Two-radical characters

Three-radical characters

Four-radical characters

Character Number  Frequency Character Number  Frequency Character Number  Frequency
of strokes of strokes of strokes

2 11 1055 =1 12 1051 i 8 1029
#A 12 742 T 16 841 i} 13 781
E=3 15 672 B’ 16 635 54 16 678

Ei 3 15 627 8 19 615 =4 20 621
o< 14 426 Wi 14 447 8 14 445
o 12 419 1] 16 434 &= 14 426
# 13 418 %= 13 407 w 16 405
= 16 398 B 13 320 8 21 323
= 12 307 B 16 318 z 14 307

i 3 15 290 pEid 15 302 - 16 300
#® 12 247 [ 16 281 #® 15 291
=z 13 242 i 15 248 3 18 246
L] 17 202 1 12 205 B 19 205
Mean 13.62 465.00  Mean 14.85 469.54  Mean 15.69 465.92
SD 1.85 246.01  SD 1.99 25138 SD 3.40 243.47

Table 6 The frequency of two-, three-, and four-character words used in Experiment 3

Two-character words

Three-character words

Four-character words

Word Frequency Word Frequency Word Frequency
KAk 1384 ek 1276 HEE R 1384
FERB 855 HEE 1021 PR 849
&5 396 (=151 384 BEAT 397
B 359 pifizh 350 Ttee 361
RE 234 HTE 213 BFAR 234
#a 199 2T 201 EEF/E 200
Yeod 176 KK 177 REEEL 178
Ba 173 e 173 RBRE 173
R 137 BEXR 136 B A 137
& 135 PNEES 128 ARER 135
AT 133 Eog 127 ASEET 133
HE 110 N 109 HARES 111
EE 100 R 98 HEAER 100
&5 93 PAN -4 92 HHBRRERE 93
ELEG 87 TLEAR 86 i SOt 87
Mean 304.73 Mean 304.73 Mean 304.80
SD 357.32 SD 356.87 SD 356.59

@ Springer



Developmental changes in character-complexity and word-length effects 1107

References

Aghababian, V., & Nazir, T. (2000). Developing normal reading skills: Aspects of the visual processes
underlying word recognition. Journal of Experimental Child Psychology, 76, 123—150.

Bijeljac-Babic, R., Millogo, V., Farioli, F., & Grainger, J. (2004). A developmental investigation of word
length effects in reading using a new on-line word identification paradigm. Reading and Writing: An
Interdisciplinary Journal, 17, 411-431.

Bush, L. K., Hess, U., & Wolford, G. (1993). Transformations for within-subject designs: A Monte Carlo
investigation. Psychological Bulletin, 113, 566-579.

Chen, Y. P., Allport, D. A., & Marshall, J. C. (1996). What are the functional orthographic units in
Chinese word recognition: The stroke or the stroke pattern? The Quarterly Journal of Experimental
Psychology, 49A, 1024-1043.

Chen, H.-C., & Cho, S.-L. (2000). 32400 FHE2 & 5 3% #H (A% 51 [Peripheral equipment design for
cognitive experiments]. f& /. PEEE#T [Chinese Journal of Applied Psychology], 8, 41-60.

Chen, S.-C., & Liu, I.-M. (2000). Functional orthographic units in Chinese character recognition. Acta
Psychologica Sinica, 32(supplement), 13-20.

Chen, J.-L., & Su, Y.-F. (2009, in press). Bl/)\ A~ [F] 327 A& /152 6 H#at oh o0 5 30 2 “F o i A L RO R Bl
SRR BB IFST [The effect of decoding ability on Character-Complexity and Word-length effects in
Taiwanese beginning readers]. # &/ PEE2# [Bulletin of Educational Psychology].

Cheng, C. M. (1981). HEFHIFRHMEFE [Perception of Chinese characters]. f73, \#HE T [Acta
Psychologia Taiwamca], 23, 137-154.

Cheung, H., & Ng, L. K. H. (2003). Chinese reading development in some major Chinese societies: An
introduction. In C. McBride-Chang & H.-C. Chen (Eds.), Reading development in Chinese children
(pp.- 3-17). Westport, CT: Praeger.

Chiang, W.-C. (2003). The basic orthographic units in children’s recognition of Chinese characters.
Chinese Journal of Psychology, 45(1), 47-74.

Chinese Knowledge Information Processing Group. (1993). #7252 # s #8475 51 75 7E FLE B 75 -3 51 .2 —
[Corpus-based frequency count of words in journal Chinese: Corpus-based research series no. 2].
Taipei, Taiwan: Institute of Information Science Academia Sinica.

De Luca, M., Borrelli, M., Judica, A., Spinelli, D., & Zoccolotti, P. (2002). Reading words and pseudo-
words: An eye movement study of developmental dyslexia. Brain and Language, 80, 617-626.

De Luca, M., Di Pace, E., Judica, A., Spinelli, D., & Zoccolotti, P. (1999). Eye movement patterns in linguistic
and non-linguistic tasks in developmental surface dyslexia. Neuropsychologia, 37, 1407-1420.

Fan, K. Y., Gao, J. Y., & Ao, X. P. (1984). Pronunciation principles of the Chinese character and
alphabetic writing scripts. Chinese character reform, 3 (pp. 19-22). Beijing: National Commission
of Chinese Character Reform.

Fang, S.-P. (1994). English word length effects and the Chinese character-word difference: Truth or
myth? Chinese Journal of Psychology, 36(1), 59-80.

Fang, S.-P. (2003). Are there differential word length effects in the two visual fields? Brain and
Language, 85, 467-485.

Feldman, L. B., & Siok, W. W. T. (1999). Semantic radicals contribute to the visual identification of
Chinese characters. Journal of Memory and Language, 40, 559-576.

Ferrand, L. (2000). Reading aloud polysyllabic words and nonwords: The syllabic length effect
reexamined. Psychonomic Bulletin and Review, 7, 142—148.

Gazzaniga, M. S., Ivry, R. B., & Mangun, G. R. (2002). Cognitive neuroscience: The biology of the mind.
New York, NY: Norton & Company.

Ho, C. S.-H., Ng, T.-T., & Ng, W.-K. (2003). A “radical” approach to reading development in Chinese:
The role of semantic radicals and phonetic radicals. Journal of Literacy Research, 35, 849-878.

Honorof, D. N., & Feldman, L. (2006). The Chinese character in psycholinguistic research: Form, structure,
and the reader. In P. Li, L. H. Tan, E. Bates, & O. J. L. Tzeng (Eds.), The handbook of east Asian
psycholinguistics: Vol. 1. Chinese (pp. 195-208). New York, NY: Cambridge University Press.

Huang, H.-S. (2001). 57 X #E #7875 & 7% [Graded Chinese character recognition test]. Taipei, Taiwan:
Psychological Publishing Company.

Hue, C. W., & Tzeng, A. K. (2000). Lexical recognition task: A new method for the study of Chinese
character recognition. Acta Psychologia Sinica, 32, 60-65.

Jared, D., & Seidenberg, M. S. (1990). Naming multisyllabic words. Journal of Experimental
Psychology: Human Perception and Performance, 16, 92—-105.

@ Springer



1108 Y.-F. Su, S. J. Samuels

Juphard, A., Carbonnel, S., & Valdois, S. (2004). Length effect in reading and lexical decision: Evidence
from skilled readers and a developmental dyslexic participant. Brain and Cognition, 55, 332-340.

Just, M. A., & Carpenter, P. A. (1987). Orthography: Its structure and effects on reading. In M. A. Just &
P. A. Carpenter (Eds.), The psychology of reading and language processing (pp. 287-325). Newton,
MA: Allyn and Bacon.

Leck, K. J., Weekes, B. S., & Chen, M. J. (1995). Visual and phonological pathways to the lexicon:
Evidence from Chinese readers. Memory and Cognition, 23, 468—476.

Leong, C. K., Cheng, P.-W., & Mulcahy, R. (1987). Automatic processing of morphemic orthography by
mature readers. Language and Speech, 30(2), 181-197.

Martens, V. E. G., & de Jong, P. F. (2006). The effect of word length on lexical decision in dyslexic and
normal reading children. Brain and Language, 98, 140-149.

National Institute for Compilation and Translation. (1999). [EA/)\£855HH FZ2ff 5 FHEME 7
[A frequency count of primary school reading material]. Taipei, Taiwan: National Institute for
Compilation and Translation.

Nazir, T., Ben-Boutayab, N., Decoppet, N., Deutsch, A., & Frost, R. (2004). Reading habits, perceptual
learning, and the recognition of printed words. Brain and Language, 88, 294-311.

New, B., Ferrand, L., Pallier, C., & Brysbaert, M. (2006). Reexamining the word length effect in visual
word recognition: New evidence from the English lexicon project. Psychonomic Bulletin and
Review, 13, 45-52.

Perfetti, C. A., & Liu, Y. (2006). Reading Chinese characters: Orthography, phonology, meaning, and the
lexical constituency model. In P. Li, L. H. Tan, E. Bates, & O. J. L. Tzeng (Eds.), The handbook of
east Asian psycholinguistics: Vol. 1. Chinese (pp. 225-236). NY: Cambridge University Press.

Perfetti, C. A., & Tan, L. H. (1999). The constituency model of Chinese word identification. In J. Wang,
A. W. Inhoff, & H.-C. Chen (Eds.), Reading Chinese script: A cognitive analysis (pp. 115-134).
Mahwah, NJ: Lawrence Erlbaum Associates.

Samuels, S. J. (2002). Reading fluency: Its development and assessment. In A. E. Farstrup & S. J.
Samuels (Eds.), What research has to say about reading instruction (pp. 166—-183). Newark, DE:
International Reading Association.

Samuels, S. J., LaBerge, D., & Bremer, C. D. (1978). Units of word recognition: Evidence for
developmental changes. Journal of Verbal Learning and Verbal Behavior, 17, 715-720.

Spinelli, D., De Luca, M., Di Filippo, G., Mancini, M., Martelli, M., & Zoccolotti, P. (2005). Length
effect in word naming in reading: Role of reading experience and reading deficit in Italian readers.
Developmental Neuropsychology, 27, 217-235.

Su, Y.-F. (1997). Indicators of automaticity in word recognition. Unpublished doctoral dissertation,
University of Minnesota, Twin Cities.

Sun, F., & Feng, D. (1999). Eye movements in reading Chinese and English text. In J. Wang, A. W.
Inhoff, & H.-C. Chen (Eds.), Reading Chinese script: A cognitive analysis (pp. 189-205). Mahwah,
NJ: Lawrence Erlbaum Associates.

Taft, M., & Zhu, X. (1997). Submorphemic processing in Chinese. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 23, 761-775.

Tan, L. H., & Peng, D.-L. (1990). Yujing dui hanyu danzici tezheng fenxi de yingxiang [The effects of
semantic context on the feature analyses of single Chinese characters]. Xin li xue dong tai [Journal
of Psychology], 4, 5-10.

van der Leij, A., & van Daal, V. H. P. (1999). Automatization aspects of dyslexia: Speed limitations in
word identification, sensitivity to increasing task demands, and orthographic compensation. Journal
of Learning Disabilities, 32, 417-428.

Weekes, B. S. (1997). Differential effects of number of letters on word and nonword naming latency.
Quarterly Journal of Experimental Psychology, 50A, 439-456.

Yang, H.-M. (1998). RozEP=REER £ v FHrat B b Z 2 F9% [An analysis of automatic
processing of word recognition in dyslexics]. /5% #¢ & £ 75 (#£2# [Bulletin of Special Education
and Rehabilitation], 6, 15-37.

Ziegler, J. C., Perry, C., Jacobs, A. M., Ma-Wyatt, A., Ladner, D., & Schulte-Korne, G. (2003).
Developmental dyslexia in different languages: Language-specific or universal? Journal of
Experimental Child Psychology, 86, 169-193.

Zoccolotti, P., De Luca, M., Di Pace, E., Gasperini, F., Judica, A., & Spinelli, D. (2005). Word length
effect in early reading and in developmental dyslexia. Brain and Language, 93, 369-373.

@ Springer



	Developmental changes in character-complexity and word-length effects when reading Chinese script
	Abstract
	Introduction
	Experiment 1
	Method
	Participants
	Design and stimuli
	Procedure

	Results
	Discussion

	Experiment 2
	Method
	Participants
	Design and stimuli
	Procedure

	Results
	Discussion

	Experiment 3
	Method
	Participants
	Design and stimuli
	Procedure

	Results
	Discussion

	Acknowledgments
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


