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Chapter 1
General Introduction
Being able to read is very important in our literate society. Try to imagine grocery
shopping without being able to read the labels on products, travelling without being
able to read signs, or simply going through the day without checking your
smartphone. I am sure you cannot. Luckily most children learn to read fluently in only
a short amount of time. Some children, however, struggle a little, or even a lot more
and suffer from reading disabilities. Dyslexia, the specific learning disability
characterized by difficulties with accurate and/or fluent word recognition and/or
spelling (e.g., Kleijnen et al., 2008; Lyon, Shaywitz, & Shaywitz, 2003), affects about
3 to 10 percent of the population, depending on the precise definition and criteria used
for its diagnosis (Snowling, 2013).
Because reading is such an important skill, many studies have examined reading and
reading development. Most of these studies can be roughly divided into two
categories. On the one hand, a line of research focused on the development of the
reading system. On the other hand, there are studies that have identified cognitive
skills that foster reading performance. According to prominent theories of reading
development, there is a gradual shift in the reading processes underlying word
identification. Initially, children rely mainly on serial strategies to read words, such as
sounding out letters one-by-one. Throughout development, however, children become
able to process letters in parallel, and retrieve whole word forms from memory.
Studies that focused on reading related cognitive skills have, for example, identified
phonological skills as important predictors of reading performance. Although this
implies that phonological skills somehow affect the way in which children read
words, the relations with reading processes have rarely been specified. The majority
of the studies within this line of research focused on the relation between cognitive
skills and the outcome of the reading system in terms of reading speed or accuracy. In
other words, there is a gap between studies that focused on reading processes and the
reading system, and studies that identified cognitive skills that foster reading
7
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performance. There are few studies that considered the relation between reading
related cognitive skills and processes of word identification. The studies in the current
dissertation address this important topic.

READING DEVELOPMENT
Before children face the task of learning to read, they have already acquired spoken
language. They heard spoken words and stored these phonological forms in reference
to objects in their environment. In other words, through spoken language, children
start to acquire representations of sounds in their language. Initially, phonological
representations are fairly shallow and global (i.e., whole words). Throughout language
development, however, children’s phonological representations become increasingly
specific, when they become aware of syllables, onsets, rimes, and phonemes, and of
how these units can be combined to form words (Goswami, 2000). They acquire more
words and form memory representations that include information on both meanings
and phonological codes. When they learn to read, a third component is added to these
word representations, that is orthography, or the written form of words.
According to Ehri (2005) four phases underlie the development of these orthographic
representations. Initially, children are nonreaders in a pre-alphabetic phase of reading
development. If they recognize written words, recognition is based on distinct visual
features or contextual cues. From the partial alphabetic phase onwards, words start to
be recognized based on the alphabetic system. As children start to acquire the first
systematic letter-sound mappings, they recognize incidental written words that
contain these letters. However, words are recognized based on some, not all, of the
letters, and are therefore often confused with similarly spelled words. Children
become full alphabetic readers when they know most grapheme-phoneme connections
and rely on decoding to access complete and specific phonological codes.
Orthographic representations become more specific in the final consolidated phase.
As children decode more words, grapheme-phoneme connections are chunked into
larger units. These units include letter clusters, onsets, rimes, syllables or entire
words. During reading, the phonological codes of these units can be retrieved as a
whole.
8
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A related theory is the self-teaching hypothesis (Share, 1995). This theory describes
how children acquire word-specific orthographic representations through decoding.
Upon encountering new written words, children can rely on grapheme-phoneme
mappings to decode the letters into phonological codes. If words have been heard
before, a phonological and semantic representation might already be present in
memory. Accordingly, children can access their larger phonological lexicon to
recognize words and a connection can be established or strengthened between the
phonological and orthographic word forms.
Both Ehri’s phase theory and Share’s self-teaching hypothesis describe the
development of orthographic knowledge. A connection between orthographic and
phonological word forms fosters fast word recognition, because words no longer have
to be decoded, but can be retrieved from memory. The first process toward word
identification, that is decoding letters into sounds to assemble a word’s phonology
will be referred to as serial processing of words. Processing all the letters in a word
simultaneously to activate whole word phonology, rather than letter sounds, will be
called parallel processing of words. How these reading processes underlie word
identification during reading, however, is not specified in these developmental
theories. Models of skilled word reading, in contrast, more explicitly describe word
identification processes (e.g., Ans, Carbonnel, & Valdois, 1998; Coltheart, Rastle,
Perry, Langdon, & Ziegler, 2001; Perry, Ziegler, & Zorzi, 2007; Plaut, McClelland,
Seidenberg, & Patterson, 1996; Seidenberg & McClelland, 1989). These models are
not intended as models of reading development. Nevertheless, some models fit very
well with the developmental transition from heavy reliance on decoding toward
processing an increasing number of words in parallel. Therefore, models of the
reading system provide a useful framework in studying reading development as well.

READING PROCESSES
In general, two types of models of the reading system can be distinguished, that is
dual route and connectionist models. Dual route models, specifically, fit well with
developmental theories. These models propose two routes through which words can
be read (e.g., Ans et al., 1998; Coltheart et al., 2001; Perry et al., 2007). In the Dual
Route Cascaded model (DRC; Coltheart et al., 2001), for example, a sublexical and a
9
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lexical route are distinguished. Through the nonlexical route, the letters in a word are
processed serially. By applying grapheme-to-phoneme conversion rules, the word is
decoded letter-by-letter into its phonological code. In the lexical route, in contrast, all
letters are processed in parallel, and the word is identified as a whole through
activation of its representation in the orthographic, and subsequently, the phonological
lexicon. Both routes work simultaneously, but as a result of reading experience, a
gradual shift can be expected from reading predominantly through the nonlexical
route, when many words are decoded, toward parallel processing through the lexical
route, when an increasing number of words is represented in the orthographic lexicon.
An important characteristic of dual route models (e.g., Ans et al., 1998; Coltheart et
al., 2001; Perry et al., 2007), as well as theories of reading development (e.g., Ehri,
2005; Share, 1995), is that reading development is assumed to be word specific. Only
if words were encountered previously, decoded successfully and thus are stored in the
lexicon, can letters be processed in parallel, rather than with the less efficient serial
reading strategy. Another important characteristic is that the processes underlying
word identification are assumed to shift from predominantly serial processes, when
most words are decoded toward a stronger involvement of parallel processes when an
increasing number of words can be retrieved from the lexicon.
This difference in reading processes has been studied by looking at length effects. If
words are processed through serial decoding, the speed of word identification depends
on the number of letters in a word. With every additional letter that needs to be
decoded, the time it takes to identify the word increases. In contrast, when letters are
processed in parallel, and an orthographic word form directly activates a phonological
code, reading speed becomes independent of word length. In other words, a length
effect in word reading latencies indicates that most words are processed serially,
whereas the absence of a length effect indicates that words are processed in parallel.
Indeed, it has been shown that young beginning readers show a large length effect
when reading both words and nonwords, whereas more advanced readers show length
effects only in naming longer words (i.e., more than six to eight letters) and
nonwords, which cannot be represented in the lexicon (e.g., Hawelka, Gagl, &
Wimmer, 2010; Marinus & de Jong, 2010b; Spinelli et al., 2005; Ziegler, Perry, MaWyatt, Ladner, & Schulte-Körne, 2003; Zoccolotti et al., 2005).
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Both characteristics, that is word-specific representations, and a developmental shift
from serial toward parallel reading processes, stand in sharp contrast to the second
type of connectionist models of the reading system (e.g., Plaut et al., 1996;
Seidenberg & McClelland, 1989). According to the Parallel Distributed Processing
model (PDP; Plaut et al., 1996), for example, the reading system consists of
interconnected sublexical orthographic, phonological, and semantic units. Wordspecific knowledge is assumed not to exist. The activation of these sublexical units is
determined by connection weights. These weights are shaped by the language input
and come to represent spelling-sound correspondences, with stronger connections for
mappings that occur more frequently in the language. Within this associative network,
all letters in letter strings are always processed in parallel, but the reading system
becomes more efficient when connection weights become more fine-tuned throughout
development.

PHONOLOGICAL SKILLS
Studies on reading related cognitive abilities have identified phonological skills as
important predictors of reading performance. It is generally accepted that
phonological awareness is one of the strongest predictors of reading performance,
although there is no agreement yet on whether this relation is predominantly causal
(Ramus et al., 2003; Vellutino, Fletcher, Snowling, & Scanlon, 2004), or reciprocal
(Castles & Coltheart, 2004; Elbro, 1996; Nation & Hulme, 2010). Phonological
awareness reflects sensitivity to the phonological structure of words and the ability to
identify and manipulate phonemes in spoken language. Various tasks are used to
assess this skill, but all tasks mainly tap the ability to shift attention from the meaning
of words to their phonological forms. The relation between phonological awareness
and reading has been shown to be stronger in opaque orthographies (e.g., Ziegler et
al., 2010). Although strong relations are also found in transparent orthographies, when
sufficiently difficult measures are used to assess phonological awareness skills
(Caravolas, Volín, & Hulme, 2005; de Jong & van der Leij, 2003; Vaessen &
Blomert, 2010).
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Rapid naming is a second important predictor, that has been shown to be related to
reading in many languages, both concurrent and longitudinally, independent from
phonological awareness and other key variables, in typically developing children, as
well as children with dyslexia (e.g., Cornwall, 1992; de Jong & van der Leij, 1999;
Kirby, Parrila, & Pfeiffer, 2003; Landerl & Wimmer, 2008; Lervåg, Bråten, & Hulme,
2009; Moll, Fussenegger, Willburger, & Landerl, 2009; Torgesen, Wagner, Rashotte,
Burgess, & Hecht, 1997; Vaessen & Blomert, 2010; Wolf et al., 2002; Ziegler et al.,
2010). In more transparent orthographies, rapid naming has even emerged as the
strongest predictor of reading fluency (de Jong & van der Leij, 2002; Landerl &
Wimmer, 2008; Moll et al., 2009; Vaessen & Blomert, 2010). Rapid naming reflects
the ability to quickly name a set of highly familiar stimuli, typically measured as the
naming speed of objects, colors, letters, or digits in sets of 5 items presented 10 times
each (Denckla & Rudel, 1976). However, it has been shown that these four tasks
typically load on two factors, alphanumeric (letters and digits), and non-alphanumeric
(colors and pictures) symbol naming, of which alphanumeric naming is the stronger
correlate of reading performance (van den Bos, Zijlstra, & van den Broeck, 2003). It
is not yet clear exactly why rapid naming is related to reading (see Kirby, Georgiou,
Martinussen, & Parrila, 2010, for a review). Suggestions about the nature of the
relation include factors such as speed of sequential symbol processing (Kail, Hall, &
Caskey, 1999), learning of arbitrary relations between symbols and names (Manis,
Seidenberg, & Doi, 1999), learning of orthographic codes (Bowers, 1995), and the
ability to access and retrieve phonological representations (Wagner & Torgesen,
1987).
In short, there is abundant evidence that phonological awareness and rapid naming
relate to reading skills, that is the outcome of the reading system. Less clear, however,
is their relation with parameters that reflect reading processes, for example the length
effect. Although there is no theoretical account of the relation between phonological
awareness and the length effect, the relation could possibly be explained within the
context of the self-teaching hypothesis (Share, 1995). If phonological awareness is
poor, phonological recoding of letter strings might be slow and error prone.
According to the self-teaching hypothesis, successful recoding is essential to establish
the orthographic representations that foster fluent reading. Therefore, children with
poor phonological awareness likely lag behind in the build-up of an orthographic
12
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lexicon, and thus show a continued reliance on serial processing, expressed for
example in a strong sensitivity to word length.
The relation between rapid naming and reading processes is even more speculative,
but Wolf and Bowers (1999) offer a potential account. They argue that rapid naming
might relate to the activation of letter sounds. A word can quickly be identified if all
the letters are activated within a very short timeframe. If a reader is slow in
identifying letters, identification might not be fast enough for all the letters to be
activated at the same time, which is necessary for the integration of individual letters
into a whole word representation. As a result, orthographic representations are weak,
and the reader would continue to rely on serial processing, and remain sensitive to
word length.

VISUAL ATTENTION SPAN
More recently, it has been argued that the role of visual rather than phonological skills
in reading development should receive more attention, stimulated by complaints of
individuals with reading difficulties that letters and words move around, blur and/or
merge (e.g., Stein & Walsh, 1997; Vidyasagar & Pammer, 2010). One of the most
prominent visual theories is the visual attention span hypothesis. According to this
hypothesis, the visual attention span, that is the number of orthographic units (e.g.,
letters, letter clusters or syllables) that can be processed simultaneously at a glance, is
a core skill that determines reading performance, independent from phonological
skills (e.g., Valdois et al., 2003; Valdois, Bosse, & Tainturier, 2004).
In contrast to phonological skills, visual attention span has been explicitly linked to
reading processes. Theoretically, the visual attention span hypothesis is grounded in
the Multiple-Trace Memory model, a dual route model of the reading system (MTM;
Ans, Carbonnel, & Valdois, 1998; Valdois et al., 2004). In this model, two successive
reading procedures are distinguished. Through the global procedure knowledge of
entire words is used to process words as a whole. If a word is not identified through
the global procedure, the analytic procedure is activated, and the word is read through
serial activation of smaller orthographic units (i.e., syllables, letter clusters or letters).
Word identification through one or the other procedure depends on the visual
13
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attention span. Given that an orthographic representation is present in the lexicon, the
word can be processed in parallel if the visual attention span extends over the entire
letter string. If, however, the visual attention span is too small to cover the entire
word, the analytical procedure is activated and visual attention is focused successively
on sublexical units. In other words, if the visual attention span is too small to cover
entire words, words cannot be processed in parallel, and serial analysis remains the
only available reading strategy, resulting in a strong sensitivity to word length.
Indeed, visual attention span has been shown to contribute to reading performance,
independent from phonological skills in typically developing children (Bosse &
Valdois, 2009), and in children with dyslexia (Bosse, Tainturier, & Valdois, 2007). In
addition, there is some evidence that visual attention span is related to serial
processing. Visual attention span related to the number of eye movements during
reading (Hawelka & Wimmer, 2005), more specifically to the number of rightward
fixations (Prado, Dubois, & Valdois, 2007). The number of eye movements can be
regarded a parameter of the reading system, similar to the length effect, since the
number of fixations per word indicates whether processing is serial (multiple fixations
within a word) or parallel (a single fixation per word).
So far, however, the relation of visual attention span with reading has mainly been
established by the research group of Valdois and colleagues (e.g., Bosse et al., 2007;
Bosse & Valdois, 2009; Valdois et al., 2003; Valdois et al., 2004), for children who
learn to read an opaque orthography (i.e., French or English). Also, there is still quite
some debate as to the exact nature of the relation between visual attention span and
reading. Researchers disagree on whether visual attention span is a purely visual skill
(e.g., Lobier, Zoubrinetzky, & Valdois, 2012; Valdois, Lassus-Sangosse, & Lobier,
2012), or is mainly verbal in nature (e.g., Hawelka & Wimmer, 2008; Ziegler, PechGeorgel, Dufau, & Grainger, 2010).

CURRENT STUDIES
The current studies were aimed at bridging the gap between studies that focused on
the development of reading processes on the one hand, and studies that examined
cognitive skills that foster reading performance on the other hand. Phonological skills
14

GENERAL INTRODUCTION

have been shown to predict reading performance, but it is unclear how these skills
relate to reading processes. Visual attention span has recently been shown to be an
additional predictor of reading abilities. Interestingly, in contrast to phonological
skills, visual attention span has been explicitly linked to reading processes. However,
little is known about the relevance of visual attention span as a predictor of reading
skills in a more transparent orthography. In the current studies it is first examined
whether visual attention span is an independent predictor of word reading fluency in
Dutch. Next, it is examined how visual attention span, as well as phonological
awareness and rapid naming, relate to parameters of the reading system. The final two
studies address the broader question of how to identify and study the processes
underlying word reading.
First, it is established whether visual attention span is a predictor of reading fluency in
a more transparent orthography (Chapter 2). Two unresolved issues concerning visual
attention span are addressed. It is examined whether the contribution of visual
attention span to reading fluency is independent of rapid naming. Previous studies
have shown that the relation is independent of phonological awareness (e.g., Bosse &
Valdois, 2009), but rapid naming, another important predictor of reading
performance, has not been controlled for. In addition, the relation of visual attention
span with spelling performance is examined. This is the first study to address this
issue. Interestingly, the relation with spelling performance can shed light on the nature
of the visual attention span task. Visual attention span has been proposed to be related
to the acquisition of orthographic knowledge (e.g., Bosse & Valdois, 2009; Valdois et
al., 2004). Therefore, a relation with performance on a spelling task, requiring the
production of correct orthographic word forms, would be implied. However, a relation
with spelling performance is not expected if visual attention span indeed reflects
purely visual multi-element processing of orthographic units.
Second, the relation of visual attention span with both oral and silent reading is
examined (Chapter 3). The vast majority of studies on the relations between cognitive
skills and reading focused on reading aloud. This is surprising, given that silent
reading is actually the primary reading mode for proficient readers. The question
whether differences are found between oral and silent reading is in and of itself
important to address, since insights gained in oral reading are often tacitly generalized
to silent reading. To date, little is known about similarities and differences between
15
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the reading modes. It has been argued that phonological processing might be more
extensive in oral as compared to silent reading (e.g., Juel & Holmes, 1981; Share,
2008). Accordingly, it could be expected that phonological awareness, and possibly
also rapid naming, is more strongly related to oral than to silent reading. There are no
theoretical accounts on the specific relation of visual attention span with oral and
silent reading. However, if phonological processes are indeed less important in silent
reading, the contribution of visual attention span, which is a non-phonological
predictor, could be larger.
In the other three studies, the focus shifts to the processes underlying word reading. In
the third study it is examined how visual attention span, but also phonological
awareness and rapid naming, relate to reading processes rather than reading outcomes
(Chapter 4). As explained, within in context of the DRC model (e.g., Coltheart et al.,
2001), length effects are studied as an indicator of reading processes. In the current
study length effects are decomposed into an overall speed factor and the degree of
serial processing to examine how reading related cognitive skills relate to these
parameters of the reading system.
In the fourth study length effects are examined in more detail (Chapter 5). In addition
to naming latencies, length effects have been found in children’s lexical decisions
(Acha & Perea, 2008; Filippo, de Luca, Judica, Spinelli, & Zoccolotti, 2006; Martens
& de Jong, 2006). If length effects indeed reflect the underlying reading process, these
findings would imply that a predominantly serial process underlies word identification
in lexical decision. However, that interpretation would be at odds with the
representation of lexical decisions in adults. Within the DRC model (Coltheart et al.,
2001), lexical decisions are modeled only within the lexical route, as a search of the
orthographic lexicon. If the letter string matches an entry in the lexicon, a ‘yes’
response is made. If the letter string is not represented in the lexicon ‘no’ will be the
answer. Thus, irrespective of the lexical status, letter strings would always be
processed in parallel through the lexical route. In the current study the nature of length
effects in lexical decisions is examined. Two possible sources of independent
evidence are considered, that is the effects of articulatory suppression and of
neighborhood size, to determine whether a serial process indeed underlies children’s
lexical decisions, and thus whether length effects reliably reflect the reading process.
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Finally, in the fifth study an alternative method to identify reading processes is
considered (Chapter 6). De Jong (2011) argued that if all the letters in a word are
processed in parallel to retrieve whole word phonology from memory, individual
differences in word reading would be similar to individual differences in digit naming
speed. In other words, de Jong proposed to consider the relations between digit
naming and word reading to uncover underlying reading processes. If a word is
processed in parallel, a high correlation is expected between reading a word and
naming a single digit, because in both tasks a phonological code is retrieved from
memory. If, however, a word is decoded, a stronger correlation is expected with
naming multiple digits in a row, because in both tasks items are processed serially,
either the letters in a word or the digits in the naming task. In line with the
developmental shift from predominantly serial toward mainly parallel reading
processes, de Jong indeed found that word reading correlated more strongly with
naming multiple digits in Grade 1, but with naming a single digit in later grades.
Interestingly, children could even be sorted into classes of serial versus parallel
readers based on the correlations between word and digit naming. In the current study
the method proposed by de Jong was examined with a new set of words. In addition, it
was examined whether the same method could be extended to identify the processes
underlying reading of nonwords. For nonwords, different models of the reading
system propose different reading processes. According to the DRC model (e.g.,
Coltheart et al., 2001), nonwords always need to be decoded through the nonlexical
route, because they can obviously not be present in the lexicon. PDP models (e.g.,
Plaut et al., 1996), in contrast, propose that words and nonwords are processed by the
same reading system, through parallel activation of interconnected units.
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I wish you to gasp not only at what you read but at the
miracle of its being readable.

- Vladimir Nabokov -

Chapter 2
The specific relation of visual
attention span with reading and
spelling

Visual attention span, the number of orthographic units that can be processed at a
glance, has been shown to predict reading performance in orthographically opaque
languages (i.e., French and English), independent from phonological awareness. It
was examined whether this relation is also found in Dutch, a more transparent
orthography. Two unresolved issues are addressed. First, it was examined whether the
contribution of visual attention span to reading was independent of rapid naming.
Participants were 117 second graders, and 111 fifth graders. Visual attention span was
a significant predictor of both beginning and advanced word reading fluency, after
controlling for rapid naming. In a second study we examined the relation of visual
attention span with spelling performance. Participants were 255 fourth graders. Visual
attention span was a unique predictor of both orthographic knowledge and spelling
performance. Based on the results we discuss a slightly different interpretation of
visual attention span.

van den Boer, M., van Bergen, E., & de Jong, P. F. (in revision). The specific relation
of visual attention span with reading and spelling. Learning and Individual
Differences

CHAPTER 2

INTRODUCTION
Reading requires mapping written word forms to spoken, phonological forms.
Therefore, phonological skills have been put forward as the key factor determining
reading performance (e.g., Ramus et al., 2003; Vellutino, Fletcher, Snowling, &
Scanlon, 2004). Indeed, phonological awareness and rapid naming have been shown
to predict reading performance in many languages, both concurrent and
longitudinally, in typically developing children, as well as children with dyslexia
(e.g., Cornwall, 1992; de Jong & van der Leij, 1999; Kirby, Parrila, & Pfeiffer, 2003;
Landerl & Wimmer, 2008; Lervåg, Bråten, & Hulme, 2009; Moll, Fussenegger,
Willburger, & Landerl, 2009; Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997;
Vaessen & Blomert, 2010; Wolf & Bowers, 1999; Wolf et al., 2002; Ziegler et al.,
2010).
However, there is by no means a perfect relation between phonological skills and
reading. More recently, the role of visual rather than phonological processing in
reading development has received more attention, stimulated by complaints of
individuals with dyslexia that letters and words move around, blur and/or merge (e.g.,
Stein & Walsh, 1997; Vidyasagar & Pammer, 2010). Visual factors featured
prominently in the first description of reading difficulties, as word blindness, or a
defective visual memory for words (Morgan, 1896). A more recent multiple case
study also indicated that two classes of impairments contribute to reading disabilities,
that is phonological and visual impairments (White et al., 2006).
A prominent visual theory is the visual attention span hypothesis. According to this
hypothesis, the visual attention span, that is the number of orthographic units (e.g.,
letters, clusters or syllables) that can be processed simultaneously at a glance, is a core
skill determining reading performance, independent from phonological skills (e.g.,
Valdois et al., 2003; Valdois, Bosse, & Tainturier, 2004). Theoretically, the visual
attention span hypothesis is grounded in the multiple-trace memory model (Ans,
Carbonnel, & Valdois, 1998; Valdois et al., 2004). In this model of the reading
process, two successive reading procedures are distinguished. In the global procedure
words are processed as a whole. Only if a word is not identified through the global
procedure, the analytic procedure is activated and the word is read through serial
activation of smaller orthographic units, such as syllables, letter clusters or letters, for
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which phonological outputs are successively generated and maintained in short-term
memory. To enable processing through the global procedure, the visual attentional
window, through which information from the orthographic input can be extracted,
needs to extend over the entire letter string. If the visual attentional window does not
cover the entire word, words cannot be processed in parallel, the analytic procedure is
activated, and visual attention is focused successively on sublexical units. In other
words, visual attention span, as a measure of the visual attentional window, plays a
crucial role in parallel word processing.
Visual attention span has been shown to contribute to reading performance,
independent from phonological skills in typically developing children (Bosse &
Valdois, 2009; van den Boer, de Jong, & Haentjens-van Meeteren, 2013), and in
children with dyslexia (Bosse, Tainturier, & Valdois, 2007). In first grade visual
attention span correlated with reading rate, as well as accuracy, of both words and
pseudowords (Bosse & Valdois, 2009). These relations decreased in Grades 3 and 5,
with the exception of irregular word reading, for which visual attention span remained
a stable predictor across grades. These findings suggest that visual attention span,
fostering parallel word processing, is especially important in reading irregular or
exception words, for which serial analytic processing could result in incorrect
pronunciations. Similarly, visual attention span has been linked to the acquisition of
orthographic knowledge. If the visual attention span covers the entire word, a whole
word orthographic representation can be acquired, enabling word identification
through the global procedure. Indeed, it has been shown that orthographic learning
benefits from the availability of whole-word orthographic forms (Bosse, Chaves,
Largy, & Valdois, 2013).
The work of Valdois and colleagues (Bosse et al., 2007; Bosse & Valdois, 2009;
Valdois et al., 2003; Valdois et al., 2004) clearly shows that visual attention span is an
important predictor of reading performance. However, this relation has only been
established for children learning to read an opaque orthography (i.e., French and
English). In the current study we examined whether a similar relation is found for
children learning to read Dutch, a more transparent orthography, to establish whether
visual attention span, similar to phonological awareness and rapid naming, can be
considered a key predictor of reading performance across languages. In addition, we
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address two unresolved issues concerning visual attention span that could further
specify the nature of its relation with reading.
First, the contribution of visual attention span has been shown to be independent of
phonological awareness (e.g., Bosse & Valdois, 2009), but rapid naming, another
important predictor of reading performance, has not been controlled for. Rapid
naming, especially of letters, requires similar processes as visual attention span, which
is typically measured as the ability to report back briefly presented strings of five
letters (e.g., R H S D M). Both tasks require participants to quickly identify and name
letters. However, as argued by Bosse and Valdois (2009), there are also important
differences between the tasks. For example, visual information is available only
briefly in a visual attention span task, but remains available in rapid naming tasks. A
study including both tasks is needed to determine whether it is the similarities or the
differences between the tasks that characterize the relation of visual attention span
with reading performance.
The second issue concerns the relation of visual attention span with spelling
performance. To our knowledge this relation has not yet been studied. In fact, a
relation would not be expected if visual attention span indeed reflects parallel visual
processing of orthographic units within a fixation, since in a spelling task
phonological rather than orthographic word forms are presented.
However, there are important similarities between reading and spelling as well.
Similar to the representation of word reading processes in the multiple-trace memory
model, it is assumed that spelling a word can be achieved in two ways (Ehri, 2000;
Tainturier & Rapp, 2000). A stored orthographic representation can be retrieved from
memory, or a word’s spelling can be assembled through serial sublexical phonemegrapheme conversion. Thus, reading and spelling both rely on orthographic
knowledge at a lexical as well as sublexical level. Accordingly, if visual attention
span is related to the acquisition of orthographic knowledge, a relation with spelling
performance would be expected.
This relation, however, might be indirect, rather than direct. According to the selfteaching hypothesis (Share, 1995, 1999), orthographic representations are mainly
acquired through phonological recoding of letter strings encountered during reading.
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Every time a word is successfully decoded into its phonological code, a link can be
established between the written and spoken word forms, and an orthographic
representation can be built or strengthened. In line with this theory, the relation
between visual attention span and spelling would be expected to be mediated by
reading skills. Visual attention span could affect reading and thereby the acquisition
of the orthographic knowledge, which in turn is called upon during spelling tasks.
We present two studies that address these issues. In the first study we focused on the
contribution of visual attention span to reading performance of both beginning (Grade
2), and advanced (Grade 5) readers in a more transparent orthography. Importantly,
we examined whether the relation was independent of rapid naming, in addition to
phonological awareness. In a previous study (van den Boer et al., 2013) we have
shown that visual attention span is related to naming speed of single words,
independent from rapid naming, in Grade 2 beginning readers. In the current study we
aimed to extend this finding, by including both beginning and advanced readers, and
by looking at the effects on a standardized continuous measure of word reading.
In the second study we focus on spelling. Spelling performance relies on phonemegrapheme connections, and accordingly, phonological awareness has been shown to
be a strong predictor (Landerl & Wimmer, 2008; Moll et al., 2009; Nikolopoulos,
Goulandris, Hulme, & Snowling, 2006; Verhagen, Aarnoutse, van Leeuwe, 2008;
2010). The relation of rapid naming with spelling performance is less clear. Some
studies have shown a unique contribution to spelling (Savage, Pillay, & Melidona,
2008; Sunseth & Bowers, 2002; Verhagen et al., 2010), whereas others have indicated
that rapid naming did not contribute to spelling performance over and above
phonological awareness (Cornwall, 1992; Landerl & Wimmer, 2008). The relation of
visual attention span with spelling performance has not yet been studied. A direct
relation with spelling performance, independent of reading fluency and orthographic
knowledge, would pose a challenge for the current interpretation of the nature of
visual attention span and its relation to reading in terms of parallel mainly visual
processing of orthographic units.
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STUDY 1 - METHOD
PARTICIPANTS

One hundred and seventeen second-grade (52 boys, 65 girls), and 111 fifth-grade (51
boys, 60 girls) children from six schools in the Netherlands participated in the study.
The mean ages of the children were 8 years (SD = 5.70 months) in Grade 2, and 11
years (SD = 5.86 months) in Grade 5. All children attended mainstream primary
education. At the time of testing, second and fifth graders had received approximately
one year five months and four years five months of instruction, respectively.
MATERIALS
Word reading fluency. Word reading fluency was assessed with the One Minute Test

(Eén Minuut Test; Brus & Voeten, 1995). This standardized reading test is regularly
used as a measure of reading achievement in Dutch schools. The test consists of 116
words of increasing length and difficulty. Children were asked to read the words
aloud as quickly and accurately as possible for 1 minute. The score consisted of the
number of items read correctly. Raw scores were also converted to norm scores, with
an average of ten and a standard deviation of 3.
Nonverbal intelligence. Nonverbal intelligence was assessed with Raven’s Standard

Progressive Matrices test (Raven, 1960). Children were presented with 60 patterns
from which a small part was omitted. They were instructed to identify out of six to
eight alternatives the element that completed the pattern. They worked individually
for 45 minutes to complete as many items as possible. The score consisted of the
number of items correct.
Vocabulary. Vocabulary was assessed with the Vocabulary subtest from the RAKIT

battery of intelligence tests (Bleichrodt, Drenth, Zaal, & Resing, 1984). Children were
instructed to choose from among four alternatives the picture that best matched the
word read aloud by the experimenter. The test included 45 items. The score consisted
of the number of items correct.
Verbal short-term memory. Verbal short-term memory was assessed with a letter span

task (e.g., Johnston, Rugg, & Scott, 1987). Children were presented with letter
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sequences (e.g., F L B S) increasing in length from two to seven letters, three
sequences of each length. They were asked to repeat the letters in the correct order.
After two consecutive errors within the same sequence length, the task was
discontinued. The score consisted of the number of sequences repeated correctly.
Phonological awareness. Phonological awareness was assessed with an elision and

spoonerism task (de Jong & van der Leij, 2003). The experimenter read aloud a
nonword. Children were first asked to repeat the nonword. Next, the experimenter
repeated the nonword and named a phoneme to be deleted. Children were then asked
to repeat the nonword without this phoneme. A total of 27 items were administered.
For the first 18 items children were asked to delete a single phoneme (e.g., ‘tral’
without ‘r’), whereas in the next nine items the phoneme to be deleted was included
twice (e.g., ‘gepgral’ without ‘g’). Fifth graders who gave more than three correct
responses to these last nine items, were presented with an additional six items. For
these items, children were asked to switch the position of two phonemes and report
the resulting nonword (e.g., ‘larspos’ switch ‘l’ and ‘p’). The score consisted of the
total number of correct responses.
Rapid naming. Rapid naming of digits (1, 3, 5, 6, and 8) was assessed. Children were

presented with a sheet including five lines of ten digits each. They were asked to
name aloud all digits as quickly as possible. The score consisted of the time needed to
name all digits, converted to the number of digits named per second.
Visual attention span. The whole report visual attention span task was administered

(see Valdois et al., 2003). Children were presented with 20 five-letter strings (e.g., R
H S D M). They were asked to repeat as many letters as possible, in the correct
order. The strings were created from ten consonants (B, D, F, H, L, M, P, R, S, and
T), all presented twice in each letter position. The task was programmed in E-prime
version 1.0 (Schneider, Eschman, & Zuccolotto, 2002). To focus attention, a plus sign
was presented for 1000 ms. Letter strings were then presented for 200 ms in bold 24point Arial font. The score consisted of the number of letters repeated correctly (from
a total of 100).
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All children were tested in January/February. The vocabulary and nonverbal
intelligence tasks were administered during a classroom session of about 45 minutes
each. The other tasks were administered in a fixed order to each child individually.

STUDY 1 - RESULTS
DESCRIPTIVE STATISTICS

Descriptive statistics are presented in Table 1. Thirteen children (eight in Grade 2, and
five in Grade 5) were absent during classroom administrations of the vocabulary and
nonverbal intelligence tasks. In addition, five scores (three in Grade 2, and two in
Grade 5) were more than three standard deviations above or below the group mean.
These outliers were coded as missing.
As could be expected, children in Grade 5 obtained higher scores than children in
Grade 2 on all tasks (p’s < .001). In both grades, children showed average reading
performance with a representative spread in reading abilities. However, children in
Grade 2 obtained higher norm scores than children in Grade 5, indicating that they
were relatively better readers.
Correlations between the variables for both grades are shown in Table 2. Nonverbal
intelligence and vocabulary did not correlate significantly with word reading in Grade
2 nor Grade 5. Verbal short-term memory, phonological awareness, rapid naming, and
visual attention span correlated significantly with word reading fluency in both
grades.
PREDICTORS OF WORD READING

Hierarchical regression analyses were used to determine whether the predictor
variables uniquely contributed to word reading fluency in Grades 2 and 5. For 15
children in Grade 2 and nine children in Grade 5 one or two scores on the predictor
variables (mainly nonverbal intelligence and/or vocabulary) were missing, due to
outlier scores or absence during task administration. These scores were imputed to
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108
109
116
117
117
116

Nonverbal IQ
Vocabulary
Verbal short-term
memory

Phonological awareness
Rapid naming
Visual attention span

Note. * p < .001

117
117

Word reading (raw)
Word reading (norm)

N

M (SD)

Grade 2

15.48 (6.00)
1.75 (.39)
55.19 (11.73)

29.85 (8.24)
41.80 (3.94)
6.87 (1.70)

39.59 (14.45)
10.66 (2.93)

Table 1
Descriptive Statistics for Grade 2 and Grade 5

1 – 27
.96 – 2.63
31 – 92

9 – 45
33 – 51
3 – 11

12 – 81
4 – 18

Range

111
110
111

105
106
111

111
111

N

23.66 (4.47)
2.27 (.45)
76.24 (11.94)

41.72 (7.25)
50.69 (3.41)
9.30 (2.23)

68.34 (11.40)
9.25 (2.58)

M (SD)

Grade 5

15 – 32
1.06 – 3.33
42 – 100

21 – 57
40 – 57
5 – 15

41 – 99
2 – 17

Range

11.715*
9.331*
13.401*

11.152*
17.668*
9.186*

16.723*
3.851*

t test

.05
-.07
.38**
.35**
.51**
.42**

.14
.21*
.26**
.30**
-.21*
-.01

2

Note. Grade 2 above diagonal, Grade 5 below diagonal.
* p < .05 ** p < .01

1. Word reading
2. Nonverbal IQ
3. Vocabulary
4. Verbal short-term memory
5. Phonological awareness
6. Rapid naming
7. Visual attention span

1

Table 2
Correlations Among All Variables for Grade 2 and Grade 5

.00
.21*
.17
.06
-.24*
.05

3
.22*
.21*
.01
.43**
.16
.35**

4
.44**
.26**
-.04
.37**
.09
.20*

5

.52**
-.11
-.19*
.13
.32**
.16

6

.40**
.25*
.11
.30**
.33**
.28**
-
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avoid losing these participants for the regression analyses. Missing scores were
imputed based on the relations among the predictor variables, using the EM algorithm
(Tabachnick & Fidell, 2012). Little’s MCAR test indicated that the data were missing
completely at random, Ȥ²(24) = 18.583, p = .774 in Grade 2, and Ȥ²(19) = 16.273, p
= .639 in Grade 5. The children with missing scores did not differ significantly from
the children without missing scores on reading fluency and predictor variables before
and after imputation. Results were very similar when listwise deletion was used to
handle missing data.
In the first step the three control variables nonverbal intelligence, vocabulary, and
verbal short-term memory were entered in the models. In the second step
phonological awareness and rapid naming were added to the model. Visual attention
span was entered in the third and final step, to examine its contribution to reading
fluency, after controlling for both phonological awareness and rapid naming. The
results are presented in Table 3. In Grade 2 the control variables did not account for
any variance in word reading fluency. In Grade 5, however, the control variables
accounted for 17% of the variance, mainly due to the effect of verbal short-term
memory. Phonological awareness and rapid naming accounted for additional
explained variance in both grades (32% in Grade 2 and 23% in Grade 5). Visual
attention span, entered in the third step, also explained additional variance (2% in
Grade 2 and 6% in Grade 5). Together the variables explained a substantial amount of
variance in word reading fluency (40% in Grade 2 and 46% in Grade 5).
Standardized beta coefficients of the final model (see Table 3) indicated that in both
grades rapid naming appeared to be the strongest predictor of word reading fluency.
In Grade 2, the coefficient of phonological awareness was slightly higher than that of
visual attention span. In Grade 5, however, the opposite was found; visual attention
span appeared a slightly stronger predictor than phonological awareness.
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Table 3
Hierarchical Regression Results of Phonological Awareness, Rapid Naming, and
Visual Attention Span as Predictors of Word Reading Fluency in Grade 2 and Grade 5
Grade 2

Grade 5

ǻR²

ȕ1

ǻR²

ȕ1

.06

.08
.05
.01

.17**

.07
-.02
.12

1.

Nonverbal IQ
Vocabulary
Verbal short-term memory

2.

Phonological awareness
Rapid naming

.32**

.23**
.41**

.23**

.19*
.45**

3.

Visual attention span

.02*

.17*

.06**

.27**

Total R2

.40

.46

Note. * p < .05 ** p < .01.
1
Standardized beta coefficients from the final model, including all predictors

STUDY 2 - METHOD
PARTICIPANTS

Two hundred and fifty-five fourth-grade children (133 boys, 122 girls) participated in
this study, with a mean age of 9 years 11 months (SD = 5.41 months). All children
attended mainstream primary education at one of 11 participating schools in the
Netherlands, and had received approximately three years five months of instruction at
the time of testing.
MATERIALS
Word reading fluency. Word reading fluency was assessed with the One Minute Test as

described for Study 1.
Nonword reading fluency. Nonword reading fluency was assessed with the Klepel (van

den Bos, lutje Spelberg, Scheepstra, & de Vries, 1994). This standardized reading test
is regularly used as a measure of reading achievement in Dutch schools. The test
consists of 116 nonwords of increasing length and difficulty. Children were asked to
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read the nonwords aloud as quickly and accurately as possible for 2 minutes. The
score consisted of the number of items read correctly.
Orthographic knowledge. Orthographic knowledge was assessed with an orthographic

choice task. Children were presented with four alternative spellings of words. They
were instructed to choose the correct spelling (e.g., haut hout houd haud; for the
word ‘hout’, meaning wood). The task consisted of 70 items. The score consisted of
the number of items correct.
Spelling. Spelling was assessed with a spelling to dictation task (PI-dictee; Geelhoed &

Reitsma, 1999). This standardized spelling test is regularly used in Dutch schools to
evaluate spelling achievement. We administered three blocks of 15 words each, that
increased in difficulty. The experimenter dictated the 45 words. Each word was read
aloud, as well as a sentence including the word. Then, children were instructed to
write down the target word. The score consisted of the number of items spelled
correctly.
Nonverbal intelligence. Nonverbal intelligence was assessed with a subtest from the

Groninger School Onderzoek (Kema & Kema-van Leggelo, 1987). Children were
presented with four pictures. Three pictures shared one or more characteristic(s), but
the fourth picture did not. They were instructed to identify the odd one out. Children
had 10 minutes to complete the task, which consisted of a total of 27 items. The score
consisted of the number of items correct.
Verbal short-term memory. Verbal short-term memory was assessed with the letter span

task as described for Study 1.
Phonological awareness. Phonological awareness was assessed with the elision and

spoonerism task as described for Study 1.
Rapid naming. Rapid naming of digits was assessed as described for Study 1. In

addition, rapid naming of letters (A, D, O, P, S) was assessed in the same way.
Visual attention span. A whole report visual attention span task was administered as

described for Study 1.
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All children were tested in January/February. The nonverbal intelligence,
orthographic choice and spelling tasks were administered during a classroom session
of about 1 hour. The other tasks were administered in a fixed order to each child
individually. The data was part of a larger dataset, also including assessment of oral or
silent reading skills which are reported elsewhere (see van den Boer, van Bergen, &
de Jong, in revision).

STUDY 2 - RESULTS
DESCRIPTIVE STATISTICS

Descriptive statistics are presented in Table 4 and correlations between the variables
are shown in Table 5. A strong correlation was found between word and nonword
reading (r = .86). Orthographic choice and spelling correlated moderately (r = .68).
Moderate correlations were also found between the reading and spelling tasks (r’s
between .46 and .65). Verbal short-term memory, phonological awareness, rapid
naming and visual attention span correlated significantly with the reading and spelling
tasks, and with each other. Nonverbal intelligence correlated significantly with
orthographic knowledge and phonological awareness.
PREDICTORS OF READING AND SPELLING

As in Study 1, hierarchical regression analysis was used to determine whether
nonverbal intelligence, verbal short-term memory, phonological awareness, rapid
naming, and visual attention span uniquely contributed to word reading fluency,
nonword reading fluency, orthographic knowledge and spelling performance. We
assessed rapid naming of letters and digits, but these measures were found to be very
similar, both in average naming speed, and in the correlations with the other variables.
Rapid naming of letters was included in the regression analyses, mainly because of its
similarity to the other predictors (i.e., all tasks included letters as stimuli). However,
the results were the same when rapid naming of digits rather than letters was used,
unless otherwise specified.
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Table 4
Descriptive Statistics for Grade 4
Grade 4
N

M (SD)

Range

Word reading
Nonword reading
Orthographic knowledge
Spelling

254
255
234
249

64.81 (13.57)
56.89 (18.74)
57.96 (6.42)
31.63 (7.32)

27 – 102
18 – 101
39 – 70
10 – 44

Nonverbal intelligence
Verbal short-term memory
Phonological awareness
Rapid naming digits
Rapid naming letters
Visual attention span

253
253
228
255
254
233

20.50 (2.88)
10.44 (2.25)
20.86 (6.43)
2.18 (.41)
2.10 (.38)
73.45 (12.83)

12 – 27
6 – 17
5 – 33
1.25 – 3.36
1.07 – 3.17
36 – 98

Again, missing values were imputed to avoid losing participants for the analyses.
Three children were excluded from further analyses because scores were missing on
three or more tasks. For 40 children one or two scores were missing on the predictor
variables, because children were unable or unwilling to complete a task, or due to
errors in task administration by the test assistants. These scores were imputed based
on the relations among the predictor variables, using the EM algorithm. Little’s
MCAR test indicated that the scores were missing completely at random, Ȥ²(29) =
37.293, p = .139. The children with missing scores on the predictors did not differ
from the children without missing scores on the predictors and the dependent
variables before and after imputation. For 23 children one or two scores were missing
on the dependent variables, because children were absent during classroom
administration of the spelling tests, or obtained a score that was more than three
standard deviations above or below the group mean. Little’s MCAR test indicated that
these scores were not missing completely at random, Ȥ²(11) = 46.460, p < .001.
Consequently, these scores were not imputed. Therefore, the sample size fluctuates
across analyses (see Table 6). Results were very similar when listwise deletion was
used to handle missing data.
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In the first step we entered nonverbal intelligence and verbal short-term memory.
Phonological awareness and rapid naming were added in the second step. Visual
attention span was again entered in the third and final step. The results are presented
in Table 6. Nonverbal intelligence and verbal short-term memory accounted for
variance in word and nonword reading (16% and 10% respectively). Phonological
awareness and rapid naming accounted for additional explained variance in both word
and nonword reading fluency (28% and 44% respectively). Visual attention span,
entered in the third step, also explained additional variance (3% for both word and
nonword reading). Together the variables explained a substantial amount of variance
in word and nonword reading fluency (47% and 57% respectively). Standardized beta
coefficients indicated that rapid naming appears to be the strongest predictor of
reading fluency, as in Study 1. Phonological awareness related more strongly to
nonword than to word reading fluency, but was a significant predictor of both. Visual
attention span was a significant and equally strong predictor of word and nonword
reading fluency.
Nonverbal intelligence and verbal short-term memory also accounted for variance in
orthographic knowledge and spelling (10% and 17% respectively). Phonological
awareness and rapid naming accounted for additional explained variance in both
orthographic knowledge and spelling (10% and 19% respectively), although this
effect was mainly due to the effect of phonological awareness. Standardized beta
coefficients indicated that rapid naming did not contribute significantly to
orthographic knowledge. The contribution of rapid naming to spelling was small, but
significant. However, when rapid naming of digits, rather than letters, was included in
the model, rapid naming did not contribute significantly to either orthographic
knowledge, or spelling. Visual attention span, entered in the third step, explained
additional variance in both orthographic knowledge and spelling (3% and 6%
respectively). All predictors had stronger effects on spelling performance than on
orthographic knowledge. Together the variables explained a substantial amount of
variance in orthographic knowledge and spelling (23% and 41% respectively).
In addition, we examined whether the relation between visual attention span and
spelling performance was mediated by reading performance and/or orthographic
knowledge. Word reading fluency and/or orthographic knowledge were added to the
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.00
.38**
.44**
.58**
.56**
.48**

5. Nonverbal intelligence
6. Verbal short-term memory
7. Phonological awareness
8. Rapid naming digits
9. Rapid naming letters
10. Visual attention span

Note. * p < .05 ** p < .01

.86**
.54**
.65**

1. Word reading
2. Nonword reading
3. Orthographic knowledge
4. Spelling

1

2

-.01
.31**
.55**
.64**
.63**
.52**

.46**
.59**

Table 5
Correlations Among All Variables for Grade 4

.16*
.27**
.39**
.18**
.24**
.36**

.68**

3

.11
.40**
.53**
.31**
.34**
.50**

-

4

.04
.18**
-.10
-.06
.07

5

.35**
.22**
.17**
.32**

6

.28**
.29**
.42**

7

.74**
.38**

8

.37**

9

-

10

.28**
.03**
.47

2. Phonological awareness
Rapid naming

3. Visual attention span

Total R2

.21**

.18**
.38**

.57

.03**

.44**

.10**

.21**

.31**
.44**

-.06
.06

Note. * p < .05 ** p < .01.
1
Standardized beta coefficients from the final model, including all predictors

.16**

1. Nonverbal IQ
Short-term memory

-.04
.19**

ȕ1

ǻR²

ȕ1

ǻR²

Nonword reading
(N =252)

Word reading
(N = 251)

.23

.03**

.10**

.10**

ǻR²

.20**

.22**
.10

.11
.10

ȕ1

Orthographic knowledge
(N = 234)

.41

.06**

.19**

.17**

ǻR²

ȕ1

.28**

.30**
.11*

.02
.17**

Spelling
(N = 246)

Table 6
Hierarchical Regression Results of Phonological Awareness, Rapid Naming, and Visual Attention Span as Predictors of Word and Pseudoword
Reading Fluency, Orthographic Knowledge and Spelling in Grade 4

VISUAL ATTENTION SPAN

regression analysis in the first step, followed by nonverbal intelligence and verbal
short-term memory, phonological awareness and rapid naming, and in the fourth and
final step visual attention span. Results indicated that visual attention span remained a
significant unique predictor of spelling performance.

DISCUSSION
In the current study we examined the relation of visual attention span with literacy
skills in a more transparent orthography. In the first study we examined whether
visual attention span contributed to both beginning and advanced reading, and
whether this relation was independent of rapid naming. In the second study we
examined the relation of visual attention span with orthographic knowledge and
spelling performance.
Visual attention span was a significant predictor of word reading fluency for both
beginning (Grade 2) and more advanced (Grades 4 and 5) readers. Previous studies
have already shown that the contribution of visual attention span to reading
performance is independent of phonological awareness (Bosse et al., 2007; Bosse &
Valdois, 2009; Valdois et al., 2003; Valdois et al., 2004). The results of the current
study indicate that the relation is also independent of rapid naming. Verbal short-term
memory of letter strings was also controlled for. Our results therefore support the
claim of Valdois and colleagues (Bosse & Valdois, 2009; Valdois et al., 2004), that
although the visual attention span task involves reporting verbal material, it should not
be considered a rapid naming task, nor a verbal short-term memory task.
We also examined the relation of visual attention span with nonword reading. In line
with previous studies (Bosse & Valdois, 2009; van den Boer et al., 2013) visual
attention span related equally strongly to word and nonword reading. The positive
relation between visual attention span and reading fluency can be interpreted within
the framework of the multiple-trace memory model (Ans et al., 1998; Valdois et al.,
2004). Within the multiple-trace memory model, visual attention span as a measure of
the visual attentional window is essential in determining the efficiency of letter string
processing. If the orthographic representation of a word has been stored in memory,
the size of the visual attentional window determines whether the word can be
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processed through the global route. The relation with nonword reading indicates that it
also determines the size of the orthographic units that can be processed through the
analytic procedure if an orthographic representation of the letter string is not
available. In other words, visual attention span seems to affect processing speed of all
letter strings at all stages of reading development.
However, Bosse and Valdois (2009) showed that the contribution of visual attention
span to word reading decreased for regular words, and remained stable across grades
only for irregular words. They ascribed this result to the effect of visual attention span
on the long-term acquisition and establishment of orthographic knowledge, which is
of specific importance in reading irregular words, more than regular words or
nonwords. Our results in Dutch, a relatively transparent language, in contrast, did not
show a decrease in the contribution of visual attention span to word reading fluency.
If anything, we found an increase in the relation. Therefore, our results might indicate
that, perhaps especially in languages with relatively few exception words, the crucial
aspect in the relation of visual attention span with reading fluency might not be the
acquisition of orthographic knowledge. Rather, it could be the amount of orthographic
information that can be processed within one glance, irrespective of whether this
information is mapped onto whole-word phonology through the global route or to
sublexical units in the analytic procedure.
To our knowledge, this is the first study that also examined the relation of visual
attention span with spelling abilities. Visual attention span was a unique predictor of
both orthographic knowledge and spelling performance. The contribution of visual
attention span to spelling skills appeared to be as strong as to reading fluency, if not
stronger. Similar to the effect of visual attention span on reading exception words, the
effect on spelling could be explained through the acquisition of orthographic
knowledge (Bosse & Valdois, 2009). Such an interpretation, however, would mean
that the relation of visual attention span with spelling abilities is indirect, rather than
direct. Visual attention span could determine the extraction and storage of
orthographic information during reading, which in turn determines the quality of the
orthographic representations that can be called upon in spelling tasks. However, the
effect of visual attention span on spelling performance remained significant after
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controlling for reading fluency and orthographic knowledge. Thus, there seems to be a
specific relation between visual attention span and spelling.
Alternatively, it has been suggested that visual attention span taps grapheme-phoneme
connections, or verbal coding abilities, rather than visual processing (Hawelka &
Wimmer, 2008; Ziegler, Pech-Georgel, Dufau, & Grainger, 2010). Since reading and
spelling rely heavily on grapheme-phoneme connections, such an interpretation of
visual attention span could also explain the relations with both types of literacy skills.
The contributions of visual attention span to reading and spelling performance were
independent of verbal short-term memory, phonological awareness, and rapid naming.
These tasks were quite similar to the visual attention span task, since all tasks
included letters (or words) as stimuli, and all tasks required verbal output. Moreover,
rapid naming also involves verbal coding as the names of the symbols (i.e., letters or
digits) have to be provided. However, an important difference between visual
attention span and the phonological tasks included in the study is the focus on fast
parallel multi-element processing. Thus, verbal coding could be involved in visual
attention span, but performance on the task probably does not reflect the ability to
generate verbal codes per se, but rather the ability to generate verbal codes in parallel.
An interpretation of visual attention span in terms of parallel processing of
orthographic units, and simultaneously, parallel activation of the corresponding
phonological codes, incorporates both the multi-element, and the verbal coding
interpretations of the task. Parallel activation of phonology from print obviously
fosters reading speed. However, parallel multi-element processing does not seem to be
all that essential to spelling performance, where orthographic word forms need to be
activated accurately more than quickly. Nevertheless, the specific relation between
visual attention span and spelling could indicate that also in spelling tasks parallel
activation of word forms boosts performance.
The specific relation of visual attention span with spelling seems easier to understand,
however, if we interpret visual attention span in terms of the quality of orthographyphonology connections. This is a slightly different, though related interpretation, since
only strong connections would enable processing multiple elements within one
glance. The connection between written and spoken word forms is important for both
reading and spelling performance (Perfetti & Hart, 2002). Different from the rapid
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naming task, where orthographic information remains available, and from the
phonological awareness tasks, where there is no constraint on processing time, the
visual attention span task demands strong orthography-phonology connections,
because letters are presented only briefly, and need to be reported verbally. Only if the
letters automatically activate the associated phonological codes within one glance, can
the letters be reported correctly.
In addition to visual attention span we included phonological awareness and rapid
naming as predictors of reading and spelling. Phonological awareness was related to
word reading across grades, and was an even stronger predictor of nonword reading.
The relation between phonological awareness and reading is generally found to be
stronger in less transparent orthographies (e.g., Ziegler et al., 2010). However, the
current results are in line with a number of studies indicating that strong relations are
also found in transparent languages, when sufficiently difficult measures are used to
assess phonological awareness skills (Caravolas, Volín, & Hulme, 2005; de Jong &
van der Leij, 2003; Patel, Snowling, & de Jong, 2004; Vaessen & Blomert, 2010). In
line with previous studies, phonological awareness was also a strong predictor of
spelling performance (Landerl & Wimmer, 2008; Moll et al., 2009; Nikolopoulos et
al., 2006; Verhagen et al., 2008; 2010).
As is often found in transparent orthographies, rapid naming appeared to be the
strongest predictor of reading fluency (de Jong & van der Leij, 2002; Landerl &
Wimmer, 2008; Moll et al., 2009; Vaessen & Blomert, 2010), with equal relations
with both word and nonword reading (Georgiou, Papadopoulos, Fella, & Parilla,
2012; Moll et al., 2009; van den Boer et al., 2013). In contrast, rapid naming was the
least important predictor of spelling. Rapid naming of digits did not contribute
significantly to spelling performance, and rapid naming of letters had a very small
independent effect. It has been shown before that rapid naming does not contribute
(much) to spelling performance over and above phonological awareness (Cornwall,
1992; Landerl & Wimmer, 2008). The results are also in line with findings of
Wimmer and Mayringer (2002). In children who spoke German, a transparent
orthography similar to Dutch, they found that a rapid naming deficit was associated
with a specific problem with fluent reading. Spelling difficulties, in contrast, were
associated with deficits in phonological awareness. The dissociation led the authors to
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propose the phonological speed dyslexia account, which states that some children do
build orthographic representations, but lack efficiency accessing and using these
representations to foster fluent reading. They do, however, succeed in spelling tasks,
since orthographic representations are intact and can be accessed when performance is
less time constrained. There is still quite some debate about the exact nature of the
relation between rapid naming and reading (see Kirby, Georgiou, Martinussen, &
Parilla, 2010, for a review). If rapid naming indeed contributes to reading, but not to
spelling performance, likely explanations would include the ability to access and
retrieve phonological representations (e.g., Wagner & Torgesen, 1987), rather than the
learning of orthographic codes (e.g., Bowers, 1995).
In sum, the current study showed that visual attention span is a predictor of both
beginning and advanced reading skills, and of spelling performance in an
orthographically transparent language. Importantly, visual attention span contributed
to literacy skills independent of established phonological predictors, that is
phonological awareness and rapid naming. Based on the relation of visual attention
span with fluent reading and most importantly spelling, we suggest that visual
attention span performance might reflect the quality of the connections between
orthographic and phonological units, and thereby parallel activation of phonology
upon encountering orthography and vice versa.

41

But when he was reading, his eye glided over the pages,
and his heart searched out the sense, but his voice and
tongue were at rest. Ofttimes when we had come (for no
man was forbidden to enter, nor was it his wont that any
who came should be announced to him), we saw him thus
reading to himself, and never otherwise

- Augustine -

Chapter 3
Underlying skills of oral and silent
reading
Many studies have examined reading and reading development. The majority of these
studies, however, focused on oral reading, rather than the more dominant silent
reading mode. Similarly, it is common practice to assess oral rather than silent reading
abilities in schools and in diagnosis of reading impairments. More importantly,
insights gained through examinations of oral reading tend to be generalized to silent
reading. In the current study we examined whether such generalizations are justified.
We directly compared oral and silent reading fluency and studied whether these
reading modes rely on the same underlying skills. One hundred thirty-two sixth
graders read words, sentences and text orally, and one hundred twenty-three
classmates read the same material silently. As underlying skills we considered
phonological awareness, rapid naming, and visual attention span. Results indicated
that silent reading speed was higher than oral reading speed. All skills correlated
significantly with both reading modes. Phonological awareness contributed equally to
oral and silent reading. Rapid naming, however, correlated more strongly with oral
than with silent reading. Visual attention span correlated equally strongly with both
reading modes, but showed a significant unique contribution only to silent reading. In
short, we showed that oral and silent reading indeed are fairly similar reading modes,
that to a large extent draw on the same underlying processes. However, we also found
differences that warrant caution in generalizing findings across reading modes.

van den Boer, M., van Bergen, E., & de Jong, P. F. (in revision). Underlying
processes of oral and silent reading. Journal of Experimental Child Psychology
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INTRODUCTION
Learning to read is an important, but complex process. Therefore, it is not surprising
that many studies examined reading and reading development. It is surprising,
however, that the majority of these studies have focused on oral reading rather than
silent reading, which is actually the primary reading mode for proficient readers. In
schools, the focus shifts rapidly from initial instruction in oral decoding toward
independent silent reading. That same shift, however, is not seen in the assessment of
reading abilities. Not in research, where there has been a focus on oral reading at the
expense of silent reading (see Share, 2008), in for example models of the reading
process, studies of reading development, and studies of skills underlying reading. Nor
in practice, for example, in diagnosing dyslexia, a basic deficit in learning to decode
print (e.g., Vellutino, Fletcher, Snowling, & Scanlon, 2004). Although definitions of
dyslexia do not specify which reading mode the difficulties with accurate and/or
fluent word recognition occur in (e.g., American Psychiatric Association, 1994;
Blomert, 2006; British Dyslexia Association, 1998; Lyon, Shaywitz, & Shaywitz,
2003), it is common practice to asses oral rather than silent reading. More
importantly, insights gained through research on or assessment of oral reading are
tacitly generalized to silent reading. It is unclear, however, whether the production of
overt, oral responses in reading aloud is fully comparable to silent reading. In the
current study we compared oral and silent reading fluency and examined whether
these reading modes draw on similar underlying skills.
The focus on oral over silent reading is understandable from a practical point of view.
The easiest way to assess both speed and accuracy of reading is asking participants to
read aloud a list of words or a text. Silent reading fluency, in contrast, is more difficult
to assess. Measuring pure reading rates, for example, might invoke inaccurate reports
of performance (e.g., Hale et al., 2007). Therefore, measures of silent reading
typically include semantic categorization, sentence verification, and lexical decision.
However, effects of lexical variables such as length, frequency and neighborhood size
on lexical decisions, for example, have been found to differ greatly from their effect
on oral naming (e.g., Balota, Cortese, Sergent-Marshall, Spieler, & Yap, 2004), but
also from their effects on other tasks requiring silent reading, such as categorization
latencies and eye movements during silent reading (e.g., Balota & Chumbley, 1984;
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Kuperman, Drieghe, Keuleers, & Brysbaert, 2013; Pollatsek, Perea, & Binder, 1999;
Schilling, Rayner, & Chumbley, 1998). It is unclear whether these differences should
be ascribed to oral versus silent reading, or to task specific demands, such as oral
responses in naming, the decision component in lexical decision, and activation of
meaning in silent reading of text. For a proper comparison of oral and silent reading
fluency preferably the same measures should be used in both reading conditions.
Only a small number of studies have directly compared oral and silent reading. These
studies have mainly focused on reading comprehension. Studies in the early 1900s
showed that children read more text and also comprehended more of the material read
during silent than during oral reading (Mead, 1915, 1917; Pintner, 1913). This
advantage of silent over oral reading increased with age and was even more
pronounced in adults (Pintner & Gilliland, 1916). More recently, mixed findings have
been reported. Silent reading was found to be the more efficient reading mode,
because it resulted in equal comprehension but shorter reading times (Juel & Holmes,
1981; McCallum, Sharp, Bell, & George, 2004). Or, silent reading resulted in better
comprehension, when oral pronunciations required attentional resources, which in
silent reading were all deployed for comprehension (Holmes, 1985). Oral reading,
however, has also been found to be the superior mode for comprehension, especially
in the early grades (de Jong & Share, 2007; Elgart, 1978; Prior et al., 2011; Swalm,
1972). A shift in favor of silent reading occurred as early as third grade (Swalm,
1972), up to seventh grade (Prior et al., 2011), or not at all (Hale et al., 2007).
Whether oral and silent reading depend on similar reading processes is a question that
has received considerably less attention. Substantial correlations have been reported
between oral and silent text reading speed (r = .71-.87; e.g., Barker, Torgesen, &
Wagner, 1992; Kim, Wagner, & Foster, 2011; Landerl & Wimmer, 2008). However,
the correlations clearly deviated from one, suggesting that oral and silent reading are
not entirely identical reading modes. Findings of Juel and Holmes (1981) support this
notion. Children were presented with sentences including words that differed in
decodability, number of syllables, frequency, and semantic difficulty. All factors
significantly affected reading speed in both reading modes. However, longer reading
times were found for difficult words (i.e., low frequency, more syllables, irregular
phonetic patterns) in oral than in silent reading, indicating that effects were stronger
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on oral reading. Schumm and Baldwin (1989) presented children with passages that
included orthographically altered words (e.g., ‘celled’ instead of ‘called’), and showed
that children noticed these incorrect words more often in oral reading than in silent
reading. These findings suggest that word-level orthographic and phonological
characteristics might affect oral reading more than silent reading.
In line with these findings, it has been suggested that differences between oral and
silent reading should be ascribed to less extensive phonological processing in silent as
compared to oral reading (e.g., Juel & Holmes, 1981; Share, 2008). Oral reading, by
definition, requires activation of phonological codes. In silent reading the role of
phonology is less clear, since the orthographic word form could directly activate
meaning. This stands in sharp contrast to strong phonological theories of reading,
which state that phonology is important in both oral and silent reading (e.g., Frost,
1998; Perfetti & Hart, 2002). Before reading instruction starts, children have acquired
mappings between phonological codes and meanings though spoken language.
Throughout reading development, orthographic representations are added to and
integrated with the phonological and semantic information to form high-quality word
representations. Upon encountering orthographic forms during reading, the entire
representation is activated, and both phonological and semantic information are
immediately available. Strong phonological theories are supported by findings of
activation of phonology in silent word reading in adults (e.g., Newman & Connolly,
2004; Perfetti, Bell, & Delaney, 1988), and in children, as evidenced by, for example,
orthographic learning during silent reading (Bowey & Muller, 2005; de Jong, Bitter,
van Setten, & Marinus, 2009), and difficulty in rejecting homophone foils as words
(Sprenger-Charolles, Siegel, & Béchennec, 1998). Taken together, these results
suggest that phonological processing occurs in both oral and silent reading, but that
there might be differences in the relative importance of phonology across reading
modes. To further unravel this issue, however, studies are needed that directly
compare the role of phonology in oral and silent reading.
In the current study we examined differences and similarities between oral and silent
reading fluency through the relations with cognitive skills that are important in
reading development. In other words, we examined whether both reading modes rely
on similar cognitive processes. To our knowledge, this question has never been
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addressed before. Studies of oral reading have shown that several cognitive skills are
important. Awareness of the phonological structure of the language, and the ability to
rapidly name highly familiar symbols have been shown to be particularly strong
concurrent and longitudinal predictors of oral reading skills in many languages (e.g.,
de Jong & van der Leij, 1999; Georgiou, Parrila, & Papadopoulos, 2008; Landerl &
Wimmer, 2008; Lervåg, Bråten, & Hulme, 2009; Torgesen, Wagner, Rashotte,
Burgess, & Hecht, 1997; Vaessen et al., 2010; Ziegler et al., 2010). More recently, it
has been shown that the visual attention span, the number of orthographic units (e.g.,
letters or syllables) that can be processed in parallel, also contributes to reading
performance, independent from phonological processing skills (e.g., Bosse & Valdois,
2009; Valdois, Bosse, & Tainturier, 2004; van den Boer, de Jong, & Haentjens-van
Meeteren, 2013).
Only one study focused specifically on predictors of silent reading fluency. BarKochva (2013) studied reading development in Hebrew from kindergarten to Grade 2.
Phonological awareness was a significant predictor. Other important predictors were
phonological working memory, rapid naming, and vocabulary. Visual processing
skills and morphological awareness did not contribute to silent reading fluency. BarKochva’s results seem to indicate that the underlying skills of silent reading do not
differ much from the underlying skills of oral reading, at least not in the early stages
of reading acquisition. However, oral reading performance was not included in the
study, so a direct comparison could not be made.
In the current study we examined whether oral and silent reading depend on the same
underlying skills. We focused on phonological awareness, rapid naming, and visual
attention span. In general, little is known about possible differences between oral and
silent reading fluency. From a theoretical perspective (Frost, 1998; Perfetti & Hart,
2002), as well as from the results of a single study on silent reading fluency (BarKochva, 2013), it can be expected that phonological awareness is important for both
oral and silent reading, but possibly more so for oral reading (Juel & Holmes, 1981;
Schumm & Baldwin, 1989; Share, 2008). There are, however, no theoretical accounts
of the role of rapid naming or visual attention span in silent reading. Based on
previous findings that oral and silent reading represent similar, but not identical
reading modes, it seems likely that these skills could be predictors of both oral and
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silent reading, but that the relative strength of the relations might differ across reading
modes.

METHOD
PARTICIPANTS
Participants were 255 fourth-grade children (133 boys, 122 girls) from 12 classes of
11 schools in the Netherlands. The children had a mean age of 9 years 11 months (SD
= 5.41 months). All children attended mainstream primary education. Most children
were native speakers of Dutch (85.1%) or spoke Dutch at home although as a second
language (12.2%). Within in each classroom half of the children were randomly
assigned to the oral condition and the other half to the silent reading condition.
MEASURES

Three reading tasks were administered, as well as measures of nonverbal intelligence,
verbal short-term memory, phonological awareness, rapid naming, and visual
attention span. Multiple measures were included for each skill, except for nonverbal
intelligence.
Reading. Three reading tasks were administered to measure reading fluency of words,

sentences, and text. Children performed the exact same tasks in either the oral or
silent reading condition. Therefore, similar scores were obtained for oral and silent
reading. Because decoding errors could not be assessed in silent reading, incidental
decoding errors in oral reading were not taken into account.
Word reading. Reading of words was assessed with a paper-and-pencil lexical decision

task (Doorstreepleestoets; van Bon, 2007). Children were presented with a list of 90
bisyllabic words (e.g., ‘speeltuin’, meaning playground) intermixed with 30 bisyllabic
pseudowords (e.g., ‘flaaphek’). They were instructed to read the items either aloud or
silently and cross out pseudowords. After 1 minute children were asked to stop. In the
oral condition the experimenter marked the last word the children read. In the silent
reading condition, children were asked to mark the last item read. The scores
consisted of the number of items read minus the number of errors. Errors were
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pseudowords that were not identified, as well as words that were incorrectly crossed
out.
Sentence reading. Reading of sentences was assessed with a sentence verification task.

Fifty sentences were constructed. The sentences were short (3 to 7 words) statements
about simple facts that were expected to be well known by the children (e.g., ‘The
grass is green’). Half of the sentences were true and the other half was false. Children
were instructed to read the sentences either aloud or silently and judge the veracity by
encircling either ‘correct’ or ‘incorrect’. After 2 minutes children were asked to stop.
The scores consisted of the number of sentences judged correctly.
Text reading. Reading of text was assessed with a maze task (Leestempo; Krom, 2011).

Children were presented with a text from which about every tenth word was deleted
and replaced by three possible choices (e.g., ‘beginnen [to begin] / beginner
[beginner] / begingen [committed]’). Children encountered a maximum of 100 deleted
words. They were instructed to read the text either aloud or silently and choose from
among the alternatives the words that fitted the text. After 4 minutes children were
asked to stop. The scores consisted of the number of items judged correctly.
Nonverbal intelligence. A nonverbal subtest from the Groninger School Onderzoek

(Kema & Kema-van Leggelo, 1987) was administered to obtain an estimate of the
children’s nonverbal intelligence. Children were presented with four pictures. Three
pictures shared one or more characteristic(s), but the fourth picture did not. Children
were instructed to identify the odd one out. They had 10 minutes to complete the task,
which consisted of a total of 27 items. The score consisted of the number of items
correct. Cronbach’s alpha in our sample was .58.
Verbal short-term memory. Short-term memory was assessed with a letter span task

(e.g., Johnston, Rugg, & Scott, 1987) and the forward digit span task from the
Wechsler Intelligence Scale (WISC-III-NL; Kort et al., 2005).
Letter span. The experimenter read aloud letter sequences increasing in length from

two to seven letters, three sequences of each length. Children were asked to repeat the
letters in the correct order. The task was discontinued after two consecutive errors
within the same sequence length. The score consisted of the number of sequences
repeated correctly.
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Digit span. The experimenter read aloud digit sequences increasing in length from two

to nine digits, two sequences of each length. Children were asked to repeat the digits
in the correct order. The task was discontinued when both sequences of the same
length were incorrect. The score consisted of the number of sequences repeated
correctly. Internal consistency reported in the WISC-manual for Grade 4 is .64 (Kort
et al., 2005).
Phonological awareness. Phonological awareness was assessed with an elision and

spoonerism task (de Jong & van der Leij, 2003). This task consisted of items requiring
manipulation of either one or two phonemes. Separate scores were calculated for both
item types.
One phoneme. The experimenter read aloud a nonword and children were asked to

repeat the nonword completely. Next, the experimenter repeated the nonword and
named a phoneme to be deleted (e.g., ‘tral’ without ‘r’). Children were asked to repeat
the nonword without this phoneme. A total of 18 items were administered, nine
monosyllabic and nine bisyllabic items. The score consisted of the number of correct
responses. Cronbach’s alpha in our sample was .78.
Two phonemes. Following the same procedure, children were presented with nine

bisyllabic items with the phoneme to be deleted included twice (e.g., ‘gepgral’
without ‘g’). If more than three responses were correct, children were presented with
six bisyllabic spoonerism items. For these items, children were asked to switch the
position of two phonemes (e.g., ‘larspos’ switch ‘l’ and ‘p’). The score consisted of
the number of correct responses.
Rapid naming. Rapid naming was assessed with digit and letter naming.
Digits. Five digits (1, 3, 5 ,6, and 8) were presented ten times each in a random order

on a sheet with five lines of ten digits each. Children were asked to name aloud all
digits as quickly as possible. The experimenter recorded the time needed to name all
digits. The score consisted of the number of digits named per second.
Letters. Naming of letters (A, D, O, P, and S) was administered in the same way.
Visual attention span. Visual attention span was assessed with the whole report task

(see Valdois et al., 2003). Children were presented with 20 five-letter strings (e.g., R
H S D M). They were asked to repeat, in the correct order, as many letters of the
string as possible. The strings were created from ten consonants (B, D, F, H, L, M, P,
50

ORAL AND SILENT READING

R, S, and T), each repeated in ten strings, twice in each letter position. The task was
programmed in E-prime Version 1.0 (Schneider, Eschman, & Zuccolotto, 2002).
Letters were presented for 200 ms in bold 24-point Arial font. To focus attention,
trials were preceded by a plus sign, presented for 1000 ms. The score consisted of the
number of letters repeated correctly (from a total of 100), calculated for uneven and
even items separately. Cronbach’s alpha in our sample was .76 and .77 for uneven and
even items respectively.
PROCEDURE

The tasks were administered in January/February during three sessions. The
intelligence task was administered during a classroom session of about 15 minutes.
The other tasks were administered in a fixed order to each child individually in two
sessions of about 25 minutes each.
ANALYSES

The main question concerned similarities and differences in the relations between oral
and silent reading and predictors of reading. To test these effects, multigroup
structural equation modeling was conducted, using Mplus version 5.21 (Muthén &
Muthén, 2009). The models were fitted with full information maximum likelihood
estimation. Model fit was evaluated using the chi-square statistic of overall goodness
of fit, the comparative fit index (CFI), and the root mean square error of
approximation (RMSEA). A chi-square p-value larger than .05 indicates exact fit
(Hayduk, 1996). A CFI larger than .95 indicates good fit (Hu & Bentler, 1999).
Values of the RMSEA below .05 indicate close fit, below .08 satisfactory fit, and
values over .10 indicate poor fit (Browne & Cudeck, 1993). To test the difference in
model fit between two nested models, a chi-square test was used (Kline, 2011).

RESULTS
DESCRIPTIVE STATISTICS

Before running analyses, data were inspected for outliers. Scores more than three
standard deviations above or below the group mean were coded as missing (0.5%).
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Scores could also be missing due to children being absent, unwilling or unable to
participate during one or more tasks (1.0%), as well as errors in task administration by
the test assistants (2.3%). Descriptive statistics for both the oral and silent reading
groups are presented in Table 1. Table 2 contains the correlations between the
variables in both groups.
First, the word, sentence and text reading scores of the oral and silent reading groups
were compared using t-tests (see Table 1). Silent reading fluency was higher than oral
reading fluency for words and text. For sentence reading, the difference approached
significance. The correlations between the three reading tasks were high (r = .70-.80)
in both reading groups (see Table 2).
As predictors we tested nonverbal intelligence, verbal short-term memory,
phonological awareness, rapid naming, and visual attention span. Two measures were
used for each skill, except nonverbal intelligence. The scores of the oral and silent
reading groups on the predictor skills did not differ significantly (see Table 1). This
was expected as children were randomly assigned to the oral and silent reading
groups.
MEASUREMENT INVARIANCE

Next, a multigroup structural equation model was fitted to the data to describe the
relations among the variables in the two groups. Nonverbal intelligence did not
correlate significantly with any of the oral or silent reading tasks (see Table 2) and
was therefore not included in this model, nor in any of the following models. For the
other measures a factor model was specified in which the three reading tasks loaded
on one reading factor in both the oral and silent reading groups. Latent variables were
also specified for verbal short-term memory, phonological awareness, rapid naming
and visual attention span, with two indicators each.
Measurement invariance across groups was tested. Measurement invariance concerns
equality of factor loadings, and also residual variances, factor variances, and factor
intercorrelations. Factor covariances, however, are a function of both factor variances
and factor intercorrelations (Marsh & Hocevar, 1985). To differentiate between
possible group differences in factor variances and factor correlations, we used
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Reading
Word
Sentence
Text
Intelligence
Nonverbal IQ
Short-term memory
Letter span
Digit span
Phonological awareness
One phoneme
Two phonemes
Rapid Naming
Digits
Letters
Visual attention span
Uneven items
Even items
47.24 (14.34)
28.55 (7.01)
28.47 (6.63)
20.52 (2.91)
10.41 (2.41)
8.45 (1.92)
14.74 (2.85)
5.21 (4.17)
2.19 (.42)
2.10 (.40)
37.45 (7.17)
35.05 (6.91)

130
131
120
119
118
132
132
119
119

M(SD)

131
132
131

N

17–50
19–49

1.25–3.21
1.07–3.17

5–18
0–15

6–17
5–14

12–26

21–83
16–46
14–48

Range

Oral Reading (N = 132)
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114
114

123
122

121
110

122
113

123

123
123
123

N

38.76 (6.30)
35.69 (6.62)

2.15 (.40)
2.10 (.35)

15.21 (2.89)
6.28 (4.40)

10.48 (2.06)
8.69 (1.98)

20.48 (2.87)

55.15 (16.11)
30.29 (7.55)
31.14 (8.33)

M(SD)

20–50
16–50

1.35–3.36
1.22–3.16

5–18
0–15

7–17
5–14

12–27

11–95
10–49
9–55

Range

Silent Reading (N = 123)

1.487
0.724

0.768
0.003

1.262
1.884

0.223
0.940

0.098

4.139
1.917
2.838

t

.138
.470

.443
.997

.208
.061

.823
.348

.922

.000
.056
.005

p

-.05
.39*
.20*
.34*
.47*
.62*
.58*
.49*
.41*

4. Nonverbal intelligence
5. VSTM letter span
6. VSTM digit span
7. PA one phoneme
8. PA two phonemes
9. RAN digits
10. RAN letters
11. VAS uneven
12. VAS even

-.08
.36*
.28*
.28*
.44*
.51*
.46*
.43*
.35*

.71*
.70*

2

-.12
.36*
.31*
.36*
.48*
.43*
.39*
.39*
.36*

.73*
.77*
-

3

-.03
-.03
.05
.05
-.10
-.09
.02
.00

.06
-.01
.14

4

.13
.57*
.36*
.46*
.35*
.26*
.36*
.29*

.19*
.13
.17

5

.04
.61*
.35*
.30*
.21*
.19*
.19*
.14

.04
-.09
.01

6

.30*
.26*
.16
.64*
.26*
.31*
.45*
.27*

.23*
.17
.29*

7

.26*
.20*
.19
.66*
.36*
.38*
.49*
.39*

.33*
.22*
.37*

8

-.10
.05
.03
.14
.24*
.76*
.42*
.40*

.25*
.29*
.26*

9

-.01
.05
.01
.15
.22*
.71*
.39*
.38*

.38*
.35*
.36*

10

.14
.28*
.23*
.11
.34*
.26*
.27*
.78*

.41*
.34*
.35*

11

Note. VSTM = verbal short-term memory, PA = phonological awareness, RAN = rapid naming, VAS = visual attention span.
Silent reading group above diagonal, oral reading group below diagonal.
* p < .05.

.78*
.70*

1. Word reading
2. Sentence reading
3. Text reading

1

Table 2
Correlations for the Oral and Silent Reading Groups

.11
.27*
.22*
.12
.37*
.33*
.33*
.82*
-

.44*
.33*
.42*

12
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phantom factors, or second order latent variables (see also de Jong, 1999; Macho &
Ledermann, 2011). Because the parameters of these factors are completely
constrained, including phantom factors does not affect model fit. The model is shown
in Figure 1. In this model, second-order factors were specified for each construct, with
the first-order factors as single indictors. The variances of these second-order factors
were fixed to 1, and the residual variances of the first-order factors were fixed to 0. As
a result, the factor loadings of the second-order factors represent the standard
deviations of the first-order constructs. By constraining the second-order factor
loadings to be equal across groups, equality of factor variances can be tested. Because
the second-order factors all have equal variances (specified to be 1), factor
covariances become factor correlations and the interrelations among the factors are no
longer influenced by possible differences in factor variances. Accordingly, differences
in factor correlations across groups could be tested reliably. The second-order
multigroup model with one reading factor and four predictor factors in both the oral
and silent reading group (see Figure 1) provided a good fit to the data , Ȥ²(68) =
74.732, p = .269, RMSEA = .028 [.000-.061], CFI = .995.
First, measurement invariance was tested for the predictors. Because children were
randomly assigned to the oral and silent reading groups, no differences were expected
in the factor structures and correlations of the predictors. Therefore, measurement
invariance was tested by simultaneously constraining factor loadings, residual
variances, factor variances, and factor correlations to be equal across groups. This
model provided a good fit to the data, Ȥ²(90) = 105.780, p = .123, RMSEA = .037
[.000-.063], CFI = .988, that did not differ significantly from the fit of the previous
model, ǻȤ²(22) = 31.048, p = .095.
Second, measurement invariance was tested for the oral and silent reading factors by
sequentially constraining factor loadings, residual variances, and factor variances to
be equal across groups. A model with all factor loadings constrained to be equal
across groups showed a significant deterioration in model fit, ǻȤ²(2) = 7.201, p
= .027. Modification indices showed the strongest non-invariance for the factor
loadings of text reading. Therefore, a model was specified in which the factor
loadings of word and sentence reading were equal across groups, but the factor
loadings of text reading were not. This model provided a good fit to the data, Ȥ²(91) =
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105.981, p = .135, RMSEA = .036 [.000-.062], CFI = .989, that did not differ
significantly from the fit of the previous model, ǻȤ²(1) = .201, p = .654. Next,
invariance of residual variances was tested. A model with all residual variances
constrained to be equal across groups showed a significant deterioration in model fit,
ǻȤ²(3) = 10.338, p = .016. Modification indices showed the strongest non-invariance
for the residuals of word reading. Therefore, a model was specified in which the
residuals of sentence and text reading were equal across groups, but the residuals of
word reading were not. This model provided a good fit to the data, Ȥ²(93) = 106.715, p
= .157, RMSEA = .034 [.000-.061], CFI = .990, that did not differ significantly from
the fit of the previous model, ǻȤ²(1) = .734, p = .392. Finally, equality of factor
variances was tested. A model with the factor variances of oral and silent reading
constrained to be equal provided a good fit to the data, Ȥ²(94) = 108.103, p = .152,
RMSEA = .034 [.000-.061], CFI = .990, that did not differ significantly from the fit of
the previous model, ǻȤ²(1) = 1.388, p = .239.
RELATIONS OF ORAL AND SILENT READING WITH COGNITIVE SKILLS

The main research question was whether oral and silent reading show the same
relations with underlying cognitive skills. First, we looked at the correlations of each
of the predictor skills with oral and silent reading. We used the final measurement
model and looked at the correlations between the latent variables (presented in Table
3). All correlations were significant (p-values < .01). The correlations of oral and
silent reading with short-term memory (ǻȤ²(1) = 1.347, p = .246), phonological
awareness (ǻȤ²(1) = .955, p = .328), and visual attention span (ǻȤ²(1) = .037, p
= .847) did not differ significantly. The correlations of oral and silent reading with
rapid naming, however, were significantly different (ǻȤ²(1) = 5.050, p = .025). Rapid
naming correlated more strongly with oral than with silent reading.
Next, we examined the unique contributions of the skills in predicting oral and silent
reading. We specified a regression model, with direct effects of all predictors on oral
and silent reading. In this simultaneous regression model, the effect of each predictor
reflects the unique contribution of that predictor, controlled for the other predictors in
the model. To allow for such a model, however, minor model adaptations had to be
made. The variances of oral and silent reading should not be fixed to 1, but need to be
freely estimated. Therefore, the factor loadings of the first order reading factors on the
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second order factors were fixed. To allow for a reliable comparison of the effects on
oral and silent reading, the factor loadings were fixed to their respective standard
deviations. Accordingly, the residual variance of both oral and silent reading could be
freely estimated, under the condition that the total variance in each reading factor
equals 1. This model included one additional parameter (Model fit: Ȥ²(93) = 106.715,
p = .157, RMSEA = .034 [.000-.061], CFI = .990). The model and the standardized
parameter estimates are shown in Figure 2. The second order structure was
maintained, but left out of the picture. As a result of small differences in the variances
of oral and silent reading, the standardized estimates of the factor loadings and
residual variances of the reading variables differ slightly across groups.
Phonological awareness (.231, p = .030), and rapid naming (.478, p < .001) were
significant unique predictors of oral reading. For silent reading, phonological
awareness (.188, p = .050), rapid naming (.220, p = .039), and visual attention span
(.366, p = .001) were significant predictors. Together, short-term memory,
phonological awareness, rapid naming, and visual attention span explained 55% of the
variance in oral reading, and 39% of the variance in silent reading.
Table 3
Correlations of Predictors with Oral and Silent Reading

Verbal short-term memory
Phonological awareness
Rapid naming
Visual attention span

Oral reading

Silent reading

.373
.526
.669
.524

.243
.425
.453
.543

Note. All p-values < .01.

DISCUSSION
In the current study we examined similarities and differences between oral and silent
reading fluency through the relations of both reading modes with cognitive skills that
have been shown to be important in reading development. Reading was assessed at
the word, sentence, and text level. As predictors we considered phonological
awareness, rapid naming, and visual attention span.
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Figure 1. Multigroup second-order factor model used to test measurement invariance. VST Memory = Verbal short-term memory. Phono. Aw.
= Phonological awareness. Visual att. span = Visual attention span.

Figure 2. Multigroup regression model. Relations that were not (constrained to be) equal across groups are presented as oral/silent.
VST Memory = Verbal short-term memory. Phono. Aw. = Phonological awareness. Visual att. span = Visual attention span.
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In line with previous findings of studies focusing on reading comprehension (e.g., de
Jong & Share, 2007; Juel & Holmes, 1981; McCallum et al., 2004), we found small
but significant differences in reading speed. When the same materials were presented
in both reading modes, reading speed was higher during silent than oral reading. The
main question, however, was whether oral and silent reading depend on the same
underlying skills. We found similarities as well as differences. Phonological
awareness was a significant correlate of both oral and silent reading, even after
controlling for rapid naming and visual attention span. Visual attention span
correlated equally strongly with oral and silent reading, but showed a significant
unique contribution only to silent reading. Rapid naming correlated with both oral and
silent reading, also after controlling for phonological awareness and visual attention
span, but its relation with oral reading was significantly stronger than with silent
reading.
In general, these results are in line with the study of Bar-Kochva (2013), who showed
that both phonological awareness and rapid naming were predictors of silent reading
fluency. However, our results indicated that when oral and silent reading are directly
compared, the relation of rapid naming with silent reading is not as strong as with oral
reading. Also, unlike Bar-Kochva, who showed that visual processing skills did not
relate to silent reading, we found a significant relation with visual attention span.
Although more research is needed on this topic, one possibility is that the different
findings should be ascribed to differences in task requirements. Possibly, the number
of elements that can be processed at one glance, as measured in the visual attention
span task, but not in the visual search tasks used by Bar-Kochva, is what is especially
important for reading.
Our finding that phonological awareness was of equal importance to oral and silent
reading, is in line with previous findings of activation of phonology during silent
reading in children (Bowey & Muller, 2008; de Jong et al., 2009; Sprenger-Charolles
et al., 1998). These findings can be explained within the context of strong
phonological theories of reading (Frost, 1998; Perfetti & Hart, 2002). According to
these theories, lexical representations of words include knowledge about phonology,
orthography and meaning. More importantly, these types of knowledge are so well
integrated, that upon encountering either a word’s orthography or phonology, both
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other aspects are immediately and automatically activated. Our findings would
indicate that word representations of these advanced, but young readers, are already
integrated enough for phonology to be quickly activated upon encountering
orthographic representations, even during silent reading, when the task does not
demand it.
The most important difference between oral and silent reading was found in the
relations with rapid naming. Rapid naming has been shown to relate to a range of
reading tasks, but the nature of this relation is still not completely understood (see for
a review Kirby, Georgiou, Martinussen, & Parrila, 2010). The current study adds to
this ongoing debate that rapid naming taps an aspect of reading that is more important
in oral than in silent reading. This aspect is most likely not related to phonological
knowledge, since phonological awareness related equally strongly to both reading
modes. However, our measure of phonological awareness is a measure of accuracy,
whereas rapid naming reflects speed. Therefore, it could be that rapid naming relates
specifically to the speed of retrieving orthographic and phonological codes during
reading.
A more apparent explanation could be that both rapid naming and oral reading require
articulation, or production of verbal output. It has been shown previously that rapid
naming related more strongly to oral word and nonword reading than to a silent
wordchains task (Georgiou, Parrila, Cui, & Papadopoulos, 2013). The authors
interpreted this difference as evidence for the importance of oral production in the
relation of rapid naming with reading. In the current study we found support for this
interpretation, while presenting the same reading materials in both reading modes.
Also in models of speech production (e.g., Levelt, 1992), a distinction is made
between a stage of lexical selection or lexical access, and a second stage of
phonological encoding, or the creation of an executable phonetic code. Whereas
phonological representations might be activated in both silent and oral reading,
computation of a phonetic code is specific to oral reading.
More recently, visual attention span has been shown to be an additional independent
predictor of reading. Previous studies have shown that visual attention span relates to
oral reading speed of words (Bosse & Valdois, 2009; van den Boer et al., 2013), and
text (Lobier, Dubois, & Valdois, 2013). The current study extends these findings by
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showing that visual attention span relates to a broader construct of reading, including
reading of words, sentences, and text. In addition, we showed that visual attention
span also correlated strongly with silent reading. Surprisingly, the unique contribution
of visual attention span, after controlling for phonological awareness and rapid
naming, was significant for silent, but not oral reading.
These findings could indicate that visual attention span taps various aspects that are
important in reading. On the one hand, it reflects skills that are important in oral
reading. These aspects are, however, to a large extent shared with rapid naming, and
could include access to phonological codes and generation of verbal output. On the
other hand, visual attention span is an important independent predictor of silent
reading, indicating that parallel processing of multiple orthographic units might be
more important in silent reading, when reading speed is higher as compared to oral
reading.
Nevertheless, a unique contribution of visual attention span to oral reading has been
reported previously (Bosse & Valdois, 2009; Valdois et al., 2003; Valdois et al., 2004;
van den Boer et al., 2013). Our divergent results could be due to the strong relation of
rapid naming with oral reading. Visual attention span correlated significantly with
rapid naming, indicating that the variables share a certain amount of explained
variance in reading. Rapid naming, however, was the dominant predictor for oral
reading, whereas visual attention span was the stronger correlate of silent reading. In
addition, the results might be due to differences in the reading tasks administered.
Whereas previous studies mainly included word lists, the reading tasks in the current
study, in addition to reflecting reading speed, also included decision components.
Further research is needed to address these issues.
The current findings indicate that visual attention span could be an interesting variable
in diagnosing reading problems. It is common practice to assess mainly oral reading,
phonological awareness and rapid naming when diagnosing reading difficulties.
However, silent rather than oral reading is the primary reading mode. As long as it is
unclear to what extent oral and silent reading are the same or different, a safe choice
would be to assess skills that relate equally strongly to both reading modes, such as
phonological awareness and visual attention span, rather than rapid naming, which
relates more strongly to oral reading, than to the more prominent silent reading mode.
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A few comments should be made about our materials. First, three reading tasks were
presented in both the oral and silent reading conditions. Correlations between the
word, sentence, and text reading tasks were around .70, and the three tasks loaded on
one reading factor in both conditions. Although reliability estimates of the reading
tasks were not available, these findings indicate that the tasks are reliable estimates of
reading performance. Second, presenting the same tasks in both oral and silent
reading conditions was important to allow for a direct comparison of the reading
modes. Differences cannot be ascribed to task specific requirements, as could be the
case when different tasks were used to measure oral and silent reading. However,
presenting the exact same tasks prevented us from using a within-subjects design, and
therefore from investigating the relations between oral and silent reading within
individuals.
There is a general tendency to generalize research findings across reading modes,
especially from oral to silent reading. In the current study we have shown that oral
and silent reading indeed are fairly similar reading modes, that to a large extent draw
on the same underlying processes. However, we also found differences, most
importantly in the relation with rapid naming, that warrant caution in generalizing
findings across reading modes. This study highlights the importance of including both
reading modes in the same study to directly test similarities and differences. It is an
important first attempt at understanding oral and silent reading. However, our findings
in a relatively shallow orthography call for replication in deep orthographies. Previous
studies have hinted at less extensive phonological processing in silent as compared to
oral reading in English (Juel & Holmes, 1981; Schumm & Baldwin, 1989; Share,
2008). Findings on the role of phonology in silent reading could be different in less
transparent languages, with more complex phonological patterns than in the more
transparent Dutch language. Also, the current study included young, advanced
readers. Similar studies with both younger and older readers could help gain insight
into possible developmental changes in oral and silent reading per se, but also in the
relations of both reading modes with underlying cognitive skills.

63

We shouldn’t teach great books; we should teach a love of
reading.

- B. F. Skinner -

Chapter 4
Modeling the length effect:
Specifying the relation with visual
and phonological correlates of
reading

Beginning readers' reading latencies increase as words become longer. This length
effect is believed to be a marker of a serial reading process. We examined the effects
of visual and phonological skills on the length effect. Participants were 184 secondgrade children who read 3- to 5-letter words and nonwords. Results indicated that
reading latencies could be decomposed into a length effect and an overall reading
speed. Individual differences in the length effect were predicted by phonological
awareness and visual attention span. Rapid naming accounted only for differences in
overall reading speed.

Published as: van den Boer, M., de Jong, P. F., & Haentjens-van Meeteren, M. M.
(2013). Modeling the length effect: Specifying the relation with visual and
phonological correlates of reading. Scientific Studies of Reading, 17, 243-256. Doi:
10.1080/10888438.2012.683222
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INTRODUCTION
In the early stages of reading development, the speed of word reading is closely
related to the number of letters in a word. Reading latencies tend to increase as a
function of word length. This length effect is strong for both words and nonwords in
young beginning readers and poor readers but becomes restricted to longer words (i.e.,
more than six or eight letters) and nonwords in advanced readers (e.g., de Luca,
Barca, Burani, & Zoccolotti, 2008; Hawelka, Gagl, & Wimmer, 2010; Marinus & de
Jong, 2010b; Spinelli et al., 2005; Ziegler, Perry, Ma-Wyatt, Ladner, & SchulteKörne, 2003; Zoccolotti et al., 2005). Generally, a length effect is presumed to occur
when words are processed sequentially, whereas the absence of a length effect (i.e.,
reading latencies that are independent of word length) is considered to indicate that
words are processed in parallel. The decrease in the length effect over the course of
development is taken to reflect a gradual shift from serial (e.g., letter-by-letter) word
reading, toward the parallel processing of increasingly larger parts of words.
Therefore, the length effect can be seen as a marker of the reading process (e.g.,
Ziegler et al., 2003).
The explanation of length effects has been a major focus in several computational
models of reading (Ans, Carbonnel, & Valdois, 1998; Coltheart, Rastle, Perry,
Langdon, & Ziegler, 2001; Perry, Ziegler, & Zorzi, 2007). For example, in the Dual
Route Cascaded model (DRC; Coltheart et al., 2001), two reading routes are
distinguished: the nonlexical route and the lexical route. In the lexical route, all letters
in a string are activated in parallel, and these letters activate a word’s entry in the
orthographic lexicon. In the nonlexical route, the letters are serially decoded into
phonemes according to grapheme-phoneme conversion rules. Length effects arise
when words are not in the orthographic lexicon and therefore are predominantly read
through the nonlexical route. Thus, in the DRC model, and other computational
models as well (e.g., Ans et al., 1998; Perry et al., 2007), the length effect reflects the
type of reading process that occurs between the visual presentation of a word and its
identification. Although most of these computational models have not been designed
to model the development of reading, individual differences in the length effect might
be regarded as an indication of the development of the reading system (Jackson &
Coltheart, 2001).
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Currently, there is ample evidence about the cognitive abilities that underlie
individual differences in reading development, but the majority of this evidence is
based on the outcome of the reading system, the accuracy, or speed of word reading
(e.g., de Jong & van der Leij, 1999; Lervåg, Bråten, & Hulme, 2009; Parrila, Kirby, &
McQuarrie, 2004; Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997). There are
very few studies, however, that considered the relation between these cognitive
abilities and individual differences in parameters that reflect the process of word
identification (for important exceptions, see Hawelka & Wimmer, 2005, and Ziegler
et al., 2008). In the current study, we examined the relation between cognitive abilities
and individual differences in the sensitivity to word length.
Phonological processing skills have been found to be among the major factors
underlying individual differences in reading ability (e.g., Vellutino, Fletcher,
Snowling, & Scanlon, 2004). Three phonological processing skills have been
distinguished: phonological awareness, rapid naming, and verbal short-term memory
(e.g., Wagner & Torgesen, 1987). Phonological awareness and rapid naming have
repeatedly been reported to predict concurrent (e.g., Vaessen & Blomert, 2010;
Ziegler et al., 2010) as well as future reading skills in all primary school grades (e.g.,
de Jong & van der Leij, 1999; Kirby, Parrila, & Pfeiffer, 2003; Landerl & Wimmer,
2008; Lervåg et al., 2009; McCallum et al., 2006; Parrila et al., 2004; Torgesen et al.,
1997). In addition, studies focusing on reading impairment have shown that reading
difficulties tend to be associated with poor naming speed, poor phonological
awareness, or both (e.g., Compton, DeFries, & Olson, 2001; de Jong & van der Leij,
2003; Lovett, Steinbach, & Frijters, 2000; McBride-Chang & Manis, 1996; Wimmer,
Mayringer, & Landerl, 2002; Wolf & Bowers, 1999; Wolf et al., 2002). The results
concerning verbal short-term memory have been less consistent. Some studies showed
that short-term memory contributed in predicting reading performance, over and
above phonological awareness and rapid naming (e.g., McCallum et al., 2006; Ziegler
et al., 2010), whereas in others it was found that the relation between short-term
memory and reading overlapped entirely with the effect of phonological awareness
(e.g., de Jong & van der Leij, 1999; Lervåg et al., 2009; Parrila et al., 2004).
In short, there is ample evidence that phonological awareness and rapid naming are
related to reading. However, their relation with the length effect is less clear.
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Phonological awareness might be related to the length effect through its relation with
phonological recoding. According to the self-teaching hypothesis (e.g., Share, 1995,
1999) beginning readers rely on print-to-sound translation, or phonological recoding,
to read words. Every time a printed word is successfully translated into a phonological
code, the orthographic representation of the word, necessary for parallel processing, is
built and strengthened. However, phonological recoding cannot be successful without
a basic awareness of phonemes. If phonological awareness is poor, phonological
recoding will be slow and fallible and the connection between a word’s phonological
and orthographic representation will not be established. Accordingly, poor
phonological awareness results in poor buildup of orthographic representations, and
therefore in continued reliance on a serial processing strategy, and a remaining
sensitivity to word length.
The relation between the rapid naming of letters or digits and the length effect is more
speculative. Rapid naming could relate to the activation of letter sounds. To process a
word in parallel, all letters in a word need to be activated within a short timeframe.
Although the activation of the letters itself could be either serial or parallel, it has
been suggested by Wolf and Bowers (1999) among others, that if a reader is slow in
identifying letters, all letters in a word would not be activated fast enough for the
integration of individual letters into a whole word representation enabling parallel
processing. As a result, the reader would continue to rely on serial processing.
More recently, it has been suggested that in addition to phonological processing skills,
the visual attention span, the number of orthographic units (e.g., letters or syllables)
that can be processed in parallel, also contributes to reading performance (Valdois et
al., 2003; Valdois, Bosse, & Tainturier, 2004). Theoretically, the visual attention span
hypothesis has been grounded in the Multiple-Trace Memory model (Ans et al., 1998;
Bosse, Tainturier, & Valdois, 2007). In this model, two reading procedures are
distinguished that work successively. Through the global procedure words are read as
a whole, based on knowledge of entire words. If identification of a word cannot be
accomplished through the global procedure, the analytic procedure is activated. This
procedure is based on the successive activation of smaller orthographic units, such as
syllables or letters, resulting in length effects. These two reading procedures differ in
the type of visual attention required; the global procedure requires the visual attention
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span to extend over the whole letter string, whereas in the analytic procedure visual
attention is focused successively on parts of the input string. Thus, global processing
requires a larger visual attention span. If the visual attention span is too small to cover
entire words, these words cannot be processed in parallel, and serial analysis of the
letter string remains the only available reading strategy.
The visual attention span has been shown to contribute to reading performance,
independent from IQ, vocabulary, and phonological processing in typically
developing children across primary school grades (Bosse & Valdois, 2009), as well as
in children with reading impairments (Bosse et al., 2007). Although visual attention
span is most often measured as the number of letters that can be processed in parallel,
the same relation with reading has been found for the parallel processing of nonverbal
symbol strings (Lobier, Zoubrinetzky, & Valdois, 2012; Pammer, Lavis, Hansen, &
Cornelissen, 2004, but see Ziegler, Pech-Georgel, Dufau, & Grainger, 2010). In
addition, there is some evidence that visual attention span is related specifically to
serial processing. Valdois et al. (2006), for example, reported increased activation of
visual attentional brain areas during nonword reading through the analytic procedure.
Furthermore, visual attention span related to the number of eye movements during
word reading (Hawelka & Wimmer, 2005), more specifically to the number of
rightward fixations (Prado, Dubois, & Valdois, 2007). The number of eye movements
can be regarded as a parameter of the reading process, similar to the length effect, as
the number of fixations per word indicates whether processing is serial (multiple
fixations within a word) or parallel (a single fixation per word).
From the aforementioned studies it becomes clear that there is ample evidence that
both phonological processing skills and visual attention span are related to reading
ability. However, to our knowledge, it has not been studied whether phonological
and/or visual processing skills explain variance in the length effect found in reading
latencies for words and nonwords. In the current study we aim to present a model for
the length effect that enables us to examine how the main phonological processing
skills, phonological awareness, and rapid naming, as well as visual attention span, are
related to the length effect as a parameter of the reading process.
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METHOD
PARTICIPANTS

One hundred eighty-four Dutch children (93 boys, 91 girls) from seven second-grade
classes participated in the study. The children had a mean age of 7 years, 11 months
(SD = 5.66 months). At the time of testing, the children had received approximately 1
year 5 months of reading instruction. On the One Minute Reading Test (Eén Minuut
Test; Brus & Voeten, 1995), a standardized test of word reading fluency with an average
of 10 and a standard deviation of 3, the children scored slightly above average (M =
11.66), with a somewhat smaller standard deviation (SD = 2.53), indicating that fewer
extreme scores were included than in the overall population. All children had normal or

corrected to normal vision.
MATERIALS
Word and nonword reading. The reading task consisted of 45 words and 45 nonwords

varying in length from three to five letters. For each length, 15 monosyllabic words
were selected from a corpus of child literature (Schrooten & Vermeer, 1994). Across
lengths the words were matched on onset (i.e., the first phoneme) and frequency. The
words ranged in frequency to reflect the variation in the words children encounter
(Mdn = 23, range: 1-148). In comparison, for all monosyllabic words in the database
the median frequency was 22, with a range of 1 to 591 (excluding 10% extremely
high-frequent words).
Nonwords were created by interchanging onsets and rhymes of the words. For
example, the words drift, front, and kramp (meaning urge, front and cramp
respectively) were used to create the nonwords ‘dront’, ‘framp’, and ‘krift’. Therefore,
words and nonwords of each length were matched on onset and consonant-vowel
structure. When the created nonword was unpronounceable or also a Dutch word, one
letter was changed in the rhyme.
The reading task (as well as the verbal short-term memory task and the visual
attention span task mentioned next) was programmed in E-prime Version 1.0
(Schneider, Eschman, & Zuccolotto, 2002). Words and nonwords were presented one
by one in the middle of a laptop screen (14.1 in.; 35.8 cm) in 72-point Arial font. A
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plus sign presented for 750 ms focused attention. Then the word or nonword
appeared, and children were asked to read it aloud as quickly and accurately as
possible. A voice key registered naming latencies from the onset of stimulus
presentation until the onset of the response. The experimenter registered for each trial
whether the response was correct and the latency was valid, by pressing the
corresponding button on a response box (correct and valid, incorrect, or invalid).
Words and nonwords were presented in blocks separated by a fixed break of 1.5 min.
The order of word and nonword reading was counterbalanced across the children.
Vocabulary. The Vocabulary subtest from the RAKIT intelligence test battery

(Bleichrodt, Drenth, Zaal, & Resing, 1984) was used to assess children’s vocabulary.
The experimenter read aloud a word and children were instructed to choose from
among four alternatives the picture that best matched the word. A total of 45 items
were administered. The score consisted of the number of items correct.
Nonverbal IQ. Raven’s Standard Progressive Matrices test (Raven, 1960) was used to

assess nonverbal IQ. Children were asked to identify out of six or eight alternatives
the element that fitted the missing position in a pattern. Children were instructed to
work individually for 45 min and complete as many items as possible. The score
consisted of the number of items correct.
Verbal short-term memory. To assess verbal short-term memory, a letter memory span

task was used (e.g., Johnston, Rugg, & Scott, 1987). Children were presented with
letter sequences increasing in length from two to seven letters. Letters were presented
visually, one by one on a laptop screen. Each letter was presented for 750 ms in bold
24-point Arial font. Letters were separated by a blank screen presented for 500 ms.
When the entire sequence had been presented, children were asked to repeat the letters
aloud in the order of presentation. Children were presented with three sequences of
each length. The task was discontinued after two consecutive errors within the same
sequence length. The score consisted of the number of sequences repeated correctly.
Phonological awareness. An elision task was used to assess phonological awareness (de

Jong & van der Leij, 2003). The experimenter read aloud a nonword, and children
were asked to repeat the nonword completely. Next, the experimenter repeated the
nonword and named a phoneme to be deleted. Children were asked to repeat the
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nonword without this phoneme. Children completed a total of 27 items. The first 18
items required a single phoneme to be deleted (e.g., ‘tral’ without ‘r’), whereas in the
last nine items the phoneme to be deleted was included twice (e.g., ‘gepgral’ without
‘g’). The score consisted of the number of correct responses.
Rapid naming. To assess rapid naming, children were presented with a sheet with five

lines of 10 digits each. The digits were a sequence of the digits 1, 3, 5, 6, and 8, each
repeated 10 times in random order. Children were asked to name the digits aloud as
quickly as possible. The time needed to name all digits on the sheet was recorded. The
score consisted of the naming latency in milliseconds per digit.
Visual Attention Span. Following Valdois et al. (2003) the whole report task was used

to assess children’s visual attention span. Stimuli consisted of 20 five-letter strings
(e.g., R H S D M). The strings were created from the consonants B, D, F, H, L, M, P,
R, S, and T. Each consonant was repeated in 10 strings, twice in each of the five letter
positions. Letters were presented in bold 24-point Arial font. The strings were
presented for 200 ms. Children were asked to repeat as many letters of the string as
possible. Trials were preceded by a plus sign presented for 1000 ms to focus attention.
The score consisted of the number of letters repeated correctly (from a total of 100),
in its proper position within the string. For example, if a child would answer ‘R H S
M’ in response to ‘R H S D M’, this child would score 3 on this particular item,
because M was the fifth, not the fourth letter in the string 1.
PROCEDURE

The vocabulary and nonverbal IQ tasks were administered during a classroom session
of about 45 min each. The other tasks were administered in a fixed order to each child
individually in two sessions of approximately 30 min.

1

In this score both identity and location of the reported letters were taken into account. This score
differs from the score used in previous studies (for example Valdois et al., 2003), which was based on
the total number of letters that was identified correctly. In our score it was also taken into account
whether order of the letters was correct, because in reading it is important to perceive letters in the
correct order in which they appear. However, the correlation between the score with and without taking
order into account was .88, and the use of identity only scores in our analyses gave similar results.
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DATA ANALYSIS

Structural equation modeling was used to model the relation between the length effect
and the cognitive correlates of reading. The model was specified in two steps. First,
the relation between the number of letters in a word or nonword and its reading
latency was specified as a latent growth model. Such a model consists of an intercept,
or initial status, and a slope, or growth rate over time (Kline, 2011). In our model,
however, we estimated the slope not over time, but over word length. The intercept
was specified as the reading speed at the first measurement point, namely three-letter
words or nonwords, and the slope as the additional time needed to read words and
nonwords that contain one or two more letter(s). Because an intercept and slope were
estimated simultaneously but separately for words and nonwords, the resulting model
can be considered a parallel latent ‘growth’ model, with two intercepts and two slopes
(Kaplan, 2009). In the second step, the correlates of reading were added as concurrent
predictors of the length effect. Direct effects were specified from each correlate to the
intercepts and slopes in the length effect model.
Analyses were conducted within Mplus version 5.21 (Muthén & Muthén, 2009).
Parameter estimates were obtained by full information maximum likelihood
estimation. To evaluate model fit we used the chi-square statistic of overall goodness
of fit, the root mean square error of approximation (RMSEA), the comparative fit
index (CFI), and the standardized root mean square residual (SRMR; Kline, 2011). A
significant chi-square indicates that the model does not fit the data, whereas p values
considerably larger than .05 indicate exact fit (Hayduk, 1996). For the RMSEA,
values below .05 indicate close fit, values below .08 indicate satisfactory fit, and
values over .10 indicate poor fit (Browne & Cudeck, 1993). A CFI larger than .95 in
combination with an SRMR below .08 indicates good fit (Hu & Bentler, 1999). To
test the difference in model fit between two hierarchical models, a chi-square test of
the difference in chi-squares and the difference in degrees of freedom was used
(Kline, 2011).
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RESULTS
DATA CLEANING

For the word and nonword latencies, analyses were conducted on correct and valid
trials only. Trials were excluded from analysis if the response was incorrect (8.8%) or
if the voice key was not validly triggered (6.2%). In addition, latencies of less than
350 ms or more than 6000 ms (1.3%), as well as latencies 3 standard deviations below
or above a participant’s mean (0.9%) were considered invalid and removed. For each
child valid and correct trials were averaged for each of the six Lexicality x Length
conditions. Mean scores were coded as missing when less than 60% of the trials for
that condition were valid. Three children were excluded from further analysis due to
missing scores in more than two of the six conditions.
Scores on the nonverbal IQ task were recalculated. Due to a mistake of one of the
experimenters 67 children completed only the first 36 items of the test. However, for
the children that completed as many items as possible, the score over the first 36 items
correlated highly with the total score (r = .925, p < .01). Therefore, for all children the
nonverbal IQ score was calculated over the first 36 items, and this score was used in
the analyses reported in the following sections.
Scores on the correlates of reading were all normally distributed. One univariate
outlier (i.e., a score of more than 3 standard deviations above or below the mean) was
identified for the verbal short-term memory task, and one for the vocabulary task.
Furthermore, based on their score pattern, six children were identified as a
multivariate outlier, using Mahalanobis distance with a significance level of .001
(Tabachnick & Fidell, 2001). These children were excluded from further analysis.
Taken together, the reported analyses were based on data from 175 children (90 boys,
85 girls) with a mean age of 7 years, 11 months (SD = 5.62 months).
LENGTH EFFECTS

The mean latencies and error rates for the words and nonwords of each length are
reported in Table 1. The error rates were below 10% in all conditions and were
therefore not analyzed. The distributions of the latencies were positively skewed. To
normalize the data, a log transformation was used. This transformation also corrects
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for proportional increases in naming latencies for words and nonwords of increasing
length (Keene, 1995). Differences in the length effect are affected by the mean
latency, because initial differences in latencies for three-letter words and nonwords
become larger at four- and five-letter words and nonwords. In other words, a larger
increase in latencies from three- to four-letter words and nonwords when latencies to
three-letter words and nonwords are long might be proportionally equal to a smaller
increase with shorter mean latencies. Our main interest, however, is in length effects
that are disproportionate to the mean latencies. Log-transformed scores control for
proportional increases and provide a purer estimate of the length effect. The means
after this transformation are also presented in Table 1.
The log-transformed scores were subjected to an analysis of variance (ANOVA). The
main effects of lexicality, F(1,155) = 125.89, p < .001, Șp2 = 0.45, and length,
F(2,154) = 88.40, p < .001, Șp2 = 0.53, were significant. For both words and nonwords
the length effect was significant from three to four letters, F(1,155) = 82.24 p < .001,
Șp2 = 0.35, and F(1,155) = 103.02, p < .001, Șp2 = 0.40, respectively, and from four to
five letters, F(1,155) = 87.90, p < .001, Șp2 = 0.36, and F(1,155) = 37.21, p < .001, Șp2
= 0.19, respectively. The interaction between lexicality and length did not reach
significance.

Table 1
Mean Reaction Times (RT) in Milliseconds, Mean RT’s after Log Transformation,
and Mean Error Rates in Percentages (and Standard Deviations)

Words
3 letters
4 letters
5 letters
Nonwords
3 letters
4 letters
5 letters

RT (in ms)

Error rates

RT (log transformed)

828 (377)
982 (571)
1106 (726)

4.7 (7.6)
8.5 (10.2)
7.7 (9.7)

6.65 (.34)
6.78 (.44)
6.87 (.48)

963 (443)
1152 (658)
1242 (744)

5.9 (8.2)
10.0 (10.9)
9.9 (10.7)

6.79 (.38)
6.93 (.47)
6.99 (.50)
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To describe the relation between word and nonword length and reading latency, a
parallel latent growth model was fitted to the variance-covariance matrix of three-,
four-, and five-letter word and nonword latencies. The length effect was modeled as a
linear process, with increases in latencies from three- to four-, and from four- to fiveletter words and nonwords constrained to be equal. This model provided a poor fit to
the data, Ȥð(7) = 27.10, p = .000, RMSEA = .128 [.079-.181], CFI = .990, SRMR
= .128. To improve model fit, nonlinear length effects were considered by allowing
the loadings of the four-letter words and nonwords on the slope factors to be freely
estimated. This model provided a good fit to the data, Ȥð(5) = 2.46, p = .782, RMSEA
= .000 [.000-.069], CFI = 1.000, SRMR = .045, and was also a significant
improvement over the previous model, ǻȤð(2) = 24.64, p < .001.
For all four factors, the variances (intercept words = .111, slope words = .011,
intercept nonwords = .140, slope nonwords = .010) differed significantly from zero (p
< .001), indicating that there was individual variation in both intercepts and slopes.
Correlations between the intercept and slope for words (r = .608) and nonwords (r
= .477) were moderate. The intercepts for words and nonwords were strongly
correlated (r = .904), as were the slopes (r = .757). The correlations between the
intercept for words and the slope for nonwords (r = .704) and between the intercept
for nonwords and the slope for words (r = .503) were also moderate to high.
COGNITIVE CORRELATES OF THE LENGTH EFFECT

The means, standard deviations, and range of the scores on the cognitive correlates are
presented in Table 2, as well as the correlations with word and nonword reading.
Rapid naming latencies were log transformed in the same way as the word and
nonword latencies. The relations between the cognitive correlates of reading and the
intercepts and slopes were examined. Direct effects were specified for each predictor
on each of the four factors in the length effect model. The model provided a good fit
to the data, Ȥ²(17) = 15.43, p = .565, RMSEA = .000 [.000-.062], CFI = 1.000, SRMR
= .025. A graphical representation of the model, including standardized parameter
estimates of the significant direct effects, is presented in Figure 1. The standardized
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direct effects of the control variables vocabulary, nonverbal IQ, and verbal short-term
memory were not significant (range = -.11 to .05).
Individual differences in the intercepts, representing the reading speed for three-letter
words and nonwords, were related to rapid naming, phonological awareness, and
visual attention span. Individual differences in the slopes for words and nonwords,
representing the length effect, were associated with phonological awareness and
visual attention span, but not with rapid naming. Nonverbal intelligence, vocabulary,
and verbal short-term memory did not explain any additional variance in any of the
factors. Taken together, the visual and phonological abilities explained 27.6% of the
variance in the intercept for words, 28.9% in the intercept for nonwords, 20.9% in the
slope for words, and 15.9% in the slope for nonwords.
Of interest, the direct effects of these cognitive correlates on the length effect factors
looked quite similar. Therefore, we examined whether the effects on words and
nonwords, and the effects on intercepts and slopes, respectively, were equal. First, the
effects of the cognitive correlates on the intercepts for words and nonwords were
constrained to be equal, as were the effects on the slopes. This model provided a good
fit to the data, Ȥ²(29) = 27.13, p = .565, RMSEA = .000 [.000-.053], CFI = 1.000,
SRMR = .082, and did not differ significantly from the previous model, ǻ Ȥð(12) =
11.70, p = .470). Second, the effects of the cognitive correlates on the intercept and
slope for words were constrained to be equal, as were the effects on the intercept and
slope for nonwords. This model provided a poor fit to the data, Ȥ²(29) = 71.88, p
< .001, RMSEA = .092 [.065-.119], CFI = .979, SRMR = .225, and was significantly
worse than the previous model, ǻȤð(12) = 56.45, df = 12, p < .001. Even with rapid
naming, which had an effect on the intercepts only, excluded from the equality
constraints, the model remained significantly worse than the previous model, ǻȤð(10)
= 23.14, p < .05). In sum, the direct effects of the predictors of reading differed
between intercepts and slopes but did not differ between words and nonwords.
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6.78
.42
6.15-8.19

Mean
SD
Range

2

27.35
3.81
18-36

1
.184*
.044
-.008
.125
.010

3

24.11
5.47
7-34

1
.226**
.252**
.126
.168*

4

5

6.89
1.65
3-11

1
.359**
-.115
.335**

The full correlation matrix (i.e., the input for the structural equation models) can be obtained from the author.

Note. * p < .05, **p < .01

.001
-.087
-.233**
-.409**
.380**
-.354**

-.020
-.130
-.272**
-.418**
.364**
-.353**
6.91
.44
6.16-8.12

1

1
.937**

2

Reading Speed
1 Words
2 Nonwords
Cognitive correlates
3 Vocabulary
4 Nonverbal IQ
5 Short-term memory
6 Phonological awareness
7 Rapid naming
8 Visual attention span

1

6

15.75
5.40
1-27

1
-.303**
.306**

Table 2 2
Means, Standard Deviations and Correlations for Reading Variables and Cognitive Correlates of Reading

6.42
.22
5.94-7.07

1
-.203**

7

1
53.90
12.11
31-95
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Figure 1. Model of the length effect for words and nonwords. This figure contains
RQO\WKHVLJQLILFDQWHIIHFWV Į  RQWKHLQWHUFHSWVDQGVORSHV

DISCUSSION
In the current study we examined how visual and phonological correlates of reading
ability are related to the length effect, a marker of the reading process. As expected,
we found that second-grade beginning readers showed a length effect for both words
and nonwords. This result, in line with previous studies (e.g., Marinus & de Jong,
2010b; Zoccolotti et al., 2005), indicates that these readers do not process letter
strings in parallel but predominantly rely on a serial processing strategy. Nonwords
were read more slowly than words, but the interaction between length and lexicality
did not reach significance. Although larger length effects for nonwords than for words
are predicted by several models of reading (e.g., Ans et al., 1998; Coltheart et al.,
2001), the absence of this interaction in children has been reported previously (e.g.,
Ziegler et al., 2003). The detection of the interaction could depend on the frequency of
the words. High-frequency words will most likely be in the orthographic lexicon of
children, enabling parallel processing. For words of lower frequency, orthographic
representations may not have been built yet, resulting in a length effect.
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The main aim of this study was to model the length effect and its relations with
phonological and visual correlates of reading. Our results indicated that reading
latencies of words and nonwords could be decomposed into an intercept and a slope.
If the intercepts and slopes would reflect similar aspects of the reading process, the
correlation between the word and nonword intercept and slope would be close to one.
However, we found that these factors were only moderately related, which indicates
that the intercepts and slopes reflect partly different processes.
The slopes represent the length effect, or the degree of serial processing. If processing
is serial, there is an increase in reading latencies with each additional letter, whereas
the slope will be close to zero if words are mainly processed in parallel. Interpretation
of the intercepts, however, is not as straightforward. Because the intercepts were
estimated based on reading latencies to three-letter words and nonwords, which
consist of multiple letters, the intercepts may partly reflect a serial reading process. If
readers rely on a serial processing strategy, this type of processing can also be
expected for three-letter words and nonwords. However, the intercepts also represent
overall reading speed of words and nonwords, irrespective of length. These findings
are consistent with the developmental trends described by Spinelli et al. (2005), and
Zoccolotti et al. (2005), who showed that over the course of development, children’s
word reading is characterized by a decrease in the length effect, but also by an
increase in overall reading speed, regardless of word length. Our model indicates that
although, in general, slower reading times are associated with a greater reliance on
serial processing, these aspects are distinguishable, and represent different aspects of
the reading process.
The relations of the intercepts and slopes with the correlates of reading further support
the dissociation between overall reading speed and the degree of serial processing.
The overall reading speed of words and nonwords, the intercept, was predicted by
phonological awareness, rapid naming, and visual attention span. This is in line with
previous studies (e.g., Bosse & Valdois, 2009; Vaessen & Blomert, 2010; Ziegler et
al., 2010), that showed concurrent relations of these cognitive skills with reading
ability. The length effect, the slope, however, was also predicted by phonological
awareness and visual attention span, but not by rapid naming. The relation of
phonological awareness and visual attention span with the slopes is in line with the
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results reported by Hawelka and Wimmer (2005), who found that these skills relate to
the degree to which words and nonwords are processed serially.
As in previous studies (e.g., Powell, Stainthorp, Stuart, Garwood, & Quinlan, 2007),
the effect of rapid naming on reading was largely independent from the effect of
phonological awareness. A novel finding was, however, that rapid naming and
phonological awareness affected different aspects of reading. Rapid naming
accounted for individual differences in the intercepts only, which indicates that rapid
naming, in contrast to phonological awareness, is specifically related to overall
reading speed. The effect of rapid naming was the same for words and nonwords. A
similar finding was reported by Moll, Fussenegger, Willburger, and Landerl (2009),
suggesting that rapid naming cannot be particularly involved in the acquisition of
orthographic knowledge. The current results suggest that rapid naming is related to an
aspect of reading that is shared in the processing of all letter strings, irrespective of
length or lexicality.
The effects of rapid naming are especially interesting, because our results suggest that
children with poor phonological awareness and/or visual attention span can be
expected to be slow readers who continue to rely on serial processing, whereas
children with poor rapid naming skills are most likely slow readers who do shift
toward a parallel-processing strategy and who thus show a different kind of reading
impairment. This finding could be interesting in light of the double-deficit hypothesis
(e.g., Wolf & Bowers, 1999). According to this hypothesis, phonological awareness
and rapid naming represent two separate deficits underlying reading impairment. Our
results also indicate this unique contribution of phonological awareness and rapid
naming to reading (dis)ability, and suggest that these skills might be associated with
different types of reading problems.
As predicted, visual attention span had an effect on the degree of serial processing for
both words and nonwords. It has been argued by Bosse and Valdois (2009) that visual
attention span should not be perceived as a measure of verbal short-term memory. To
examine this argument, we included the letter memory span task. Both the form of
presentation and the stimuli of this task were very similar to the visual attention span.
However, we found that verbal short-term memory did not have an independent effect
on the intercepts or on the slopes. This finding is in accordance with studies that
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indicated that the relation between short-term memory and reading is shared with the
other phonological-processing variables (e.g., de Jong & van der Leij, 1999; Parrila et
al., 2004). Visual attention span, however, even with verbal short-term memory
included in the model, had a significant effect on all aspects of the reading process.
These results support the claim made by Bosse and Valdois (2009), that the visual
attention span does not reflect general or verbal short-term memory, but rather multielement parallel visual processing. Although it is still debated whether visual attention
span concerns a purely visual skill (Lobier et al., 2012), or visual to phonological
mapping (Ziegler et al., 2010), our results clearly indicate that visual attention span
predicts reading latencies independent from phonological processing skills. If visual
attention span reflects visual to phonological mapping, a stronger relation might have
been expected with rapid naming, a skill that is also associated with orthography to
phonology mappings. Therefore, our results are more in favor of a purely visual
interpretation of visual attention span.
The amount of variance in overall reading speed and length effects explained by the
model ranged from 15.9 to 28.9%, which is in line with previous studies that included
similar predictors of reading (e.g., Bosse & Valdois, 2009; de Jong & van der Leij,
1999). Although a substantial amount of variance is explained, a large part remains
unexplained. It should be noted, however, that a discrete naming task, as used in the
current study, differs from most standardized tests, in which words are presented in a
list. For example, recent findings of de Jong (2011) indicate that discrete rather than
serial rapid naming could explain additional variance in a discrete naming task.
We explicitly modeled individual differences in the length effect to investigate the
relation between cognitive correlates of reading and this specific marker of the
developing reading process. Phonological awareness and visual attention span were
both related to the length effect and therefore to a serial processing strategy. Rapid
naming, in contrast, was not related to the length effect but to aspects of reading that
are independent of word length. Future studies could further specify the relations
between reading and cognitive correlates by determining the specific relations of
visual and phonological skills with parameters of the reading system.
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Books are mirrors: you only see in them what you already
have inside you.

- Carlos Ruiz Zafón -

Chapter 5
Lexical decision in children:
Sublexical processing or lexical
search

Length effects in the lexical decision latencies of children might indicate that children
rely on sublexical processing and essentially approach the task as a naming task. We
examined this possibility by means of the effects of neighborhood size and
articulatory suppression on lexical decision performance. Sixty-six beginning and 62
advanced readers performed a lexical decision task in a standard, articulatory
suppression or tapping condition. We found length effects for words and nonwords in
the children’s lexical decisions. However, the effects of neighborhood size were
similar to those reported for adult lexical decisions, rather than the effects previously
found in children’s naming. In addition, no effect was found of articulatory
suppression. Both findings suggest that, despite clear length effects, children do not
adopt a naming task approach but, like adults, base lexical decisions mainly on a
lexical search. These results pose a challenge for several computational models of
reading.

Published as: van den Boer, M., de Jong, P. F., & Haentjens-van Meeteren, M. M.
(2012). Lexical decision in children: Sublexical processing or lexical search?
Quarterly Journal of Experimental Psychology, 65, 1214-1228. Doi:
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CHAPTER 5

INTRODUCTION
Over the course of reading development, sensitivity to the number of letters in a word
tends to decrease. In beginning readers, word naming latencies increase when words
become longer (e.g., Spinelli et al., 2005; Zoccolotti et al., 2005). In advanced
readers, however, the effect of word length is much smaller, although a length effect
can still be observed, especially in nonwords (e.g., Bates, Burani, d'Amico, & Barca,
2001; Weekes, 1997; Ziegler, Perry, Jacobs, & Braun, 2001). The decrease of the
length effect has often been taken to reflect a gradual shift from a sublexical letter-byletter reading strategy towards a lexical strategy in which all letters in a word are
processed in parallel.
Length effects have been a key issue in the cognitive modeling of reading. The
interpretation of length effects as a marker of sublexical processing fits well within
the Dual Route Cascaded (DRC) model, as an example of a larger class of dual route
models (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2000; Jackson & Coltheart,
2001). The DRC model distinguishes between two routes of orthography to
phonology conversion. The nonlexical route serially decodes the letters in a string into
phonemes via the application of knowledge of grapheme-phoneme relationships. In
the lexical route, all the letters in a string are processed in parallel and activate
successively a word’s representation in the orthographic and phonological lexicon.
Both routes work in parallel, but familiar words are read mainly through the lexical
route, whereas the nonlexical route dominates in processing unfamiliar words and
nonwords. Thus, length effects in reading aloud are explicitly modeled within the
framework of the DRC model as a consequence of serial processing in the nonlexical
route.
In Parallel Distributed Processing (PDP) models, in contrast, the effect of length has
generally not been modeled explicitly (Plaut, McClelland, Seidenberg, & Patterson,
1996; Seidenberg & McClelland, 1989; but for a recent exception see Monaghan &
Ellis, 2010). In PDP models, lexical knowledge is represented as patterns of activation
over orthographic, phonological, and semantic layers of units. Lexical processing
occurs via the connections among these units. The weights on these connections are
formed and adjusted during the learning process and come to reflect the degree of
consistency in the input. Within this associative network, there is no lexical memory
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for individual words. Instead, the system’s knowledge of spelling-sound
correspondences, anchored in the connection weights, is used to process all types of
letter strings, words and nonwords alike.
In PDP models, length effects in reading aloud are mainly ascribed to orthographic
neighborhood size (Seidenberg & Plaut, 1998). The orthographic neighborhood of a
given word consists of all existing words that can be created by changing one of its
letters (Coltheart, Davelaar, Jonasson, & Besner, 1977, but see for an alternative
Yarkoni, Balota, & Yap, 2008). Generally, a word is less well represented in the
connection weights of the model if it has a smaller number of neighbors. As longer
words tend to have fewer neighbors than shorter words (e.g., Balota, Cortese, SergentMarshall, Spieler, & Yap, 2004; Frauenfelder, Baayen, & Hellwig, 1993; Monaghan
& Ellis, 2010), it follows that naming longer words will take more time.
There is extensive evidence for the effect of length on children’s naming latencies.
For example, for first and second graders, as well as children with dyslexia, length
effects have been observed for words of two to five letters (e.g., Marinus & de Jong,
2010b; Ziegler, Perry, Ma-Wyatt, Ladner, & Schulte-Körne, 2003; Zoccolotti et al.,
2005). For sixth through eighth graders, length affected naming latencies for words
ranging from three to eight letters (Spinelli et al., 2005). In the current study,
however, we considered length effects in lexical decisions.
The most common and well-documented finding for lexical decisions in adults is that
words and nonwords of varying length are responded to equally fast (e.g., Coltheart et
al., 2000; Juphard, Carbonnel, & Valdois, 2004). Although Balota et al. (2004)
showed that length did predict lexical decision performance for nonwords of two to
eight letters, the effects of length in lexical decisions were smaller than in naming
latencies. A number of studies focused on the effects of (non)word length on lexical
decisions in children. Martens and de Jong (2006) reported a length effect for words
and nonwords of three to six letters in Dutch children. These length effects were
larger for nonwords than for words, and larger for second-grade beginning readers
than for fourth-grade advanced readers. Similar effects have been reported in children
learning to read Italian (Filippo, de Luca, Judica, Spinelli, & Zoccolotti, 2006) or
Spanish (Acha & Perea, 2008).
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If length effects in lexical decisions should be interpreted in the same way as length
effects in naming, within the DRC framework, an effect of word length would imply
that children use the nonlexical route. However, in the DRC model, (adult) lexical
decisions are modeled solely within the lexical route. As the result of a search of the
orthographic lexicon, either a word’s representation is activated, and a ‘yes’ response
is made, or no match is found between an entry in the lexicon and the stimulus, in
which case ‘no’ will be the answer. Thus, different from reading aloud, for lexical
decision no specific role is proposed for the nonlexical route, in line with the absence
of length effects in adult lexical decisions. For children, however, length effects are
found in lexical decisions. To accommodate their findings within the DRC model,
Martens and de Jong (2006) suggested that a lexical decision task might be
approached by children as a naming task. Children arguably have a smaller
orthographic lexicon. By identifying the (non)word through the nonlexical route,
children access their (larger) phonological lexicon before reaching a decision.
The aim of the current study was to replicate and extend previous findings on length
effects in lexical decisions in children. More specifically, we focused on how these
length effects should be interpreted by examining whether lexical decision in children
is similar to naming. Our focus was twofold; we investigated the effects of
neighborhood size and articulatory suppression. The effects of neighborhood size are
of interest for two reasons. First, according to PDP models, neighborhood size is a
possible alternative explanation for length effects, yet previous studies on length
effects in children have not controlled for neighborhood size (e.g., Martens & de Jong,
2006; Spinelli et al., 2005; Zoccolotti et al., 2005). In addition, in a large data set of
adult lexical decisions, it has been shown that controlling for neighborhood size is
important when studying length effects. When neighborhood size was controlled for,
contrary to what has previously been reported, New, Ferrand, Pallier, and Brysbaert
(2006) found that length effects are present in lexical decision latencies of adults, but
follow a U-shaped curve, with a decrease in reaction times for words up to 5 letters,
no length effect for 6- to 8-letter words, and the traditional increasing length effect for
words of 9 to 13 letters.
Second, the type of neighborhood size effect can shed light on how children approach
the task. To our knowledge, effects of neighborhood size on children’s lexical
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decisions have not been studied before. In adults, the general finding is that lexical
decisions for words are faster as the neighborhood size increases. These effects tend
to be most pronounced for words of low frequency. In contrast, for nonwords, larger
neighborhoods yield longer latencies (Balota et al., 2004; Carreiras, Perea, &
Grainger, 1997; Fiebach, Ricker, Friederici, & Jacobs, 2007). In naming, the effects of
neighborhood size have been shown to be similar in children and adults. Naming
latencies of high frequent words were not affected by neighborhood size, whereas
nonwords with a larger neighborhood were named faster than nonwords with a
smaller neighborhood (Andrews, 1997; Balota et al., 2004; Marinus & de Jong,
2010a, 2010b). Accordingly, if children indeed approach the lexical decision task as a
naming task, the effects of neighborhood size are expected to mirror these effects in
naming. However, if the effects of neighborhood size resemble the effects found in
adult lexical decision, it seems more likely that children, like adults, base lexical
decisions mainly on lexical search.
The second focus of this study concerned the effects of articulatory suppression on
lexical decision performance. As said, within the DRC model, length effects are
mainly interpreted in terms of the use of the nonlexical route. If the effects of
neighborhood size indicate a naming task approach, length effects could be ascribed
to sublexical processing. However, to further strengthen this interpretation it seems
important to find independent evidence for the involvement of the nonlexical route.
Therefore, we focus on the key aspect of the nonlexical route, namely the serial
recoding of letters into sounds, for which we will use the term phonological recoding.
One way to investigate whether phonological recoding occurs during lexical decision
has been articulatory suppression (e.g., Arthur, Hitch, & HalliGD\7HQMRYLü 
/DORYLü   $UWLFXODWRU\ VXSSUHVVLRQ RU WKH FRQWLQXRXV UHSHWLWLRQ RI D QRQVHQVH
word, is expected to interfere with phonological recoding.
In Serbian, an orthographically shallow language, it was found that articulatory
suppression led to an increase in both reaction times and error rates in a lexical
decision task 7HQMRYLü /DORYLü . In English, however, it has been shown that
phonology can be derived from print and used for lexical access without interference
from articulatory suppression (Besner, 1987). But, if the suppression rate was fast
enough, accuracy did decrease in a variety of tasks that required the manipulation of
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the phonology derived from print (Besner, Davies, & Daniels, 1981). However, these
studies all included adult participants, who according to the DRC model, rely on the
lexical route only to make a lexical decision.
One of the few studies focusing on children is the study by Arthur et al. (1994), who
tested 7- to 9-year-olds learning to read English on a lexical decision task. The authors
assumed that the children would use a phonological recoding strategy to identify
words and nonwords and therefore expected that articulatory suppression would
hamper lexical decision performance. Surprisingly, articulatory suppression appeared
to have a positive effect on lexical decisions. Children in the articulation condition
showed shorter response latencies than children who were subjected to a standard
lexical decision task. Arthur et al. suggested that children, like adults, do not need to
phonologically recode stimuli to reach a lexical decision. However, in the standard
lexical decision condition, the phonology of a stimulus was used as a check on its
lexical status. According to Arthur et al., this check explained the difference in
processing time between the standard and articulation conditions. Unfortunately,
Arthur et al. did not provide independent evidence for a phonological check, because
they did not determine whether a length effect was present in the standard lexical
decision condition. In addition, the authors note that a phonological recoding strategy
is most likely when instruction of this type is common in education, which was not
the case for the children in their study.
In the current study, we investigated the effect of articulatory suppression during
lexical decision in Dutch children in Grade 2 and Grade 5, representing beginning and
advanced readers, respectively. Dutch beginning readers are explicitly instructed to
use phonological recoding during word reading, because in orthographically shallow
languages, like Dutch, grapheme-phoneme conversion leads to reliable word
identification. In a standard lexical decision control condition, we established whether
length effects were present. We also included a control condition in which children
performed a non-phonological tapping task. Thereby we were able to rule out the
possibility that it is performing a secondary task in general rather than articulatory
suppression per se that disrupts phonological recoding. If beginning readers
phonologically recode stimuli, and essentially approach the lexical decision task as a
naming task, we expected length effects in the standard condition, whereas we
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expected that articulatory suppression would disrupt phonological recoding and force
children to adopt a lexical search strategy, causing the length effect to disappear.
Advanced readers, in contrast, who have developed a more extensive orthographic
lexicon, were expected, like adults, to primarily rely on lexical processing when
performing a lexical decision task. Therefore, we expected that advanced readers
would not show a length effect, nor be disrupted by articulatory suppression.

METHOD
PARTICIPANTS

Sixty-seven second-grade children and 62 fifth-grade children participated in this
study. These children attended regular elementary education in one of three
participating schools in the western part of the Netherlands. All children had normal
or corrected-to-normal vision.
The children were selected from a larger group of 88 second-grade and 71 fifth-grade
children, based on word reading ability, assessed with the One Minute Test (Eén
Minuut Test; Brus & Voeten, 1995). This test consists of two lists of 116 words of
increasing difficulty, which children were asked to read aloud as quickly and
accurately as possible, within the given timeframe of one minute. These reading
scores were used to select normally reading children who were either beginning or
advanced readers. A total of 3 second-grade children and 9 fifth-grade children were
excluded from participation due to a reading score below the 10th percentile,
indicating a reading lag of at least 1.5 years. In addition, to avoid overlap between the
groups of readers, 18 second-grade children were excluded because of a reading score
above the 90th percentile, indicating that the reading levels of these children
corresponded to Grade 5 or above.
The remaining 67 second-grade children with a mean age of 7 years and 11 months
(40 boys, 27 girls) represent normal but beginning readers, with a reading age of 1
year 6 months at the time of testing. The remaining 62 fifth-grade children with a
mean age of 11 years 0 months (36 boys, 26 girls) represent normal but advanced
readers, with a reading age of 4 years 6 months.
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MATERIALS

The stimulus set consisted of 45 words and 45 nonwords. The items varied in length
from three to five letters. Fifteen monosyllabic words and nonwords were selected for
every word length. The words were all high-frequency words, selected from a corpus
of child literature (Schrooten & Vermeer, 1994). Across lengths, words were matched
on onset (i.e., the first phoneme; always a single letter grapheme) and frequency.
The nonwords were created by interchanging onsets and rhymes of the selected
words. For example the words ‘grap’, ‘kwal’, and ‘druk’ (meaning joke, jellyfish and
busy respectively) were used to create the nonwords ‘gruk’, ‘kwap’ and ‘dral’. When
the resulting nonword was unpronounceable or also a Dutch word, a rhyme was
chosen that was as close as possible to the original. Due to this procedure, words and
nonwords within a length condition were matched on onset and consonant-vowel
(CV) structure. Also, within each length condition, words and nonwords were
matched on number of orthographic and phonological neighbors (Baayen,
Piepenbrock, & van Rijn, 1993). Table 1 presents the characteristics of the words and
nonwords.

Table 1
Frequency, Orthographic Neighborhood and Phonological Neighborhood
of the Words and Nonwords
Length

Words
Word frequencya
Orthographic Nb
Phonological Nb
Nonwords
Orthographic Nb
Phonological Nb

3

4

5

200 (186)
19.5 (5.0)
26.3 (8.9)

199 (181)
6.9 (2.7)
10.5 (5.0)

199 (183)
3.9 (2.2)
3.3 (2.1)

18.9 (5.1)
22.3 (7.3)

8.5 (3.4)
10.4 (4.7)

4.1 (2.9)
3.1 (2.1)

Note: N = neighborhood. Means (standard deviations in parentheses)
a
Schrooten and Vermeer, 1994. b Baayen, Piepenbrock, and van Rijn, 1993.
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In addition to the stimulus set, 15 filler words and 15 filler nonwords were created
that were similar to the stimulus words and nonwords. These items were used as a
break in the experiment (as explained below) and are not included in the analyses.
DESIGN AND PROCEDURE

The words and nonwords were presented in a lexical decision task. Within both
grades, children were randomly assigned to three conditions. Triplets of children of
the same gender and with comparable age and reading scores were formed, and
children within a triplet were then randomly assigned to the conditions. In the first
condition, children performed a standard lexical decision task. In the second
condition, the articulatory suppression condition, children performed the lexical
decision task, while continuously repeating the nonsense word ‘DUBBA’ at a rate of
approximately one time per second. In the third condition, the tapping condition,
children performed the lexical decision task, while continuously tapping their feet on
the floor, alternating between the left and right foot, at a rate of approximately one tap
per second.
The task was programmed in E-prime Version 1.0 (Schneider, Eschman, &
Zuccolotto, 2002). Words and nonwords were presented one by one in the middle of a
laptop screen of 14.1 inches (35.8 cm). The stimuli were printed in 46-point Arial font
with black, lowercase letters, on a white background. The computer registered
latencies and accuracy. Response latencies were recorded from the onset of the
presentation of the stimulus until the child responded by pressing a button.
Every trial started with a fixation sign (‘+’), presented in the middle of the screen.
After 2000 ms, a stimulus appeared, which remained on the screen until the child
made a response. Immediately after the child responded, a mask (‘XXXXX’)
appeared for 1500 ms, followed by a minus sign (‘-‘), which remained on the screen
until the experimenter initiated the following trial by clicking the mouse key. Children
in the articulatory suppression and tapping conditions were instructed to perform their
secondary task from the onset of the fixation sign until the appearance of the minus
sign.
Every child was tested individually on a total of four experimental blocks. The blocks
consisted of, respectively, 25, 20, 25, and 20 lexical decision trials. Children were
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instructed to read each letter string carefully and indicate whether the letter string on
the screen was a word (green button; located over the ‘c’ on the keyboard) or a
nonword (red button; located over the ‘m’ on the keyboard). They were instructed to
guess for stimuli they could not read. The blocks of trials were separated by a block of
filler items and a break. During the 10 filler trials, children in the articulatory
suppression and tapping conditions were allowed to temporarily stop their secondary
task, to keep them motivated, even if they were struggling with the task. The filler
trials were followed by a fixed break of 1.5 minutes. After the break, the next
experimental block would start, until the child had been presented with each of the 90
stimuli and 30 filler items once.
Preceding the experimental trials, four blocks of practice were used to gradually
familiarize the child with the procedure. During the first four trials, the children in the
standard condition would simply look at the screen, while the children in the
articulatory suppression and tapping conditions practised articulation and tapping,
respectively. During the next four trials, children were presented with an arrow and
indicated whether the arrow pointed to the left or to the right by pressing either the red
(left) or the green (right) button. Children in the articulatory suppression and tapping
conditions kept performing their secondary task, throughout all practice blocks. In the
final two blocks of practice, children were introduced to the lexical decision task and
responded to a total of 6 words and 6 nonwords.
DATA ANALYSIS

The data were analyzed using multilevel modeling. The reaction times and error rates
collected in the current study are embedded in a hierarchical structure with two levels.
The various responses to items (Level 1) are nested under individuals (Level 2). The
tutorial by Quené and van den Bergh (2004) explains that within a multilevel model,
or hierarchical regression model, random factors from participants and items can be
captured within one model, rendering separate analyses by participants and items
redundant. The model has more statistical power than alternatives such as the repeated
measures analysis of variance (RM-ANOVA), because analyses are based on the
reaction times to all separate items, instead of a mean latency score per person per
condition. Other advantages of a multilevel approach are the opportunity to model
variances and covariances explicitly at each level of the hierarchy, as well as the
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robustness against missing data, since parameters are estimated based on all available
responses to items, instead of means per condition.
Apart from these less stringent assumptions, however, multilevel models remain a
form of general linear modeling. Various variables can be included and all effects
within a model are estimated simultaneously. We first specified a model for the length
effect. Next, we added neighborhood size at Level 1 and estimated the effect of
(non)word length corrected for neighborhood size. This model is similar to an analysis
of covariance with neighborhood size as a covariate.
The analyses were conducted with MLwiN 2.12 (Rasbash, Steele, Browne, &
Goldstein, 2008). Differences among parameter estimates were tested with a chisquare test statistic. Different models were specified to test the various hypotheses. In
each model, between-item differences (or within-subject differences) were modeled
on the first level and between-subject differences on the second level. Separate
models were specified for response latency and error data, assuming a normal and
binomial distribution, respectively. Reaction times were modeled via dummy
variables that were specified for every condition. Parameters for these dummy
variables represent the condition means. The error data were dummy coded (0 is
incorrect, 1 is correct). Therefore, to analyze these data, a logistic regression
procedure was used, but the models were the same as those for the reaction data.
Initially, the response latency models were specified to the raw data. However,
because we aim to directly compare beginning readers in Grade 2 to advanced readers
in Grade 5, especially for the effects of neighborhood size, we controlled for the
longer overall reaction times that are expected for beginning versus advanced readers.
This difference might affect the interpretation of possible interactions between the
groups and experimental manipulations, because a significant effect can reflect an
absolute difference or just a proportional difference in reaction to the experimental
manipulation. Because responses to each item are included in the analysis, we
calculated within-subjects z scores, by subtracting the subject’s overall mean latency
score from every item and dividing by the standard deviation of the subject’s latency
score distribution, based on the 90 word and nonword items.
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RESULTS
The results are presented in four sections. First, we describe the process of data
cleaning. Second, we focus on the effects of experimental condition (standard,
articulatory suppression, and tapping) on error rates and latencies. Words and
nonwords will be analyzed separately. In the third section, data on words and
nonwords are combined, and we focus on interactions between length, grade, and
lexicality. With these analyses, we aim to replicate the length effects found in
previous studies. In the fourth and final section, however, we include neighborhood
size in the model and discuss the main effects of neighborhood size on word and
nonword error rates and latencies, as well as the specific effect of length after
neighborhood size is added as a covariate.
DATA CLEANING

Data from one child in Grade 2 were excluded from the analyses, because both the
reaction times and the accuracy scores of this particular child were identified as an
outlier at the group level. The Grade 2 analyses were based on data from the
remaining 66 children. Furthermore, the analyses were conducted on valid and correct
trials only. Trials were excluded from further analysis if the response was incorrect
(12.7% in Grade 2 and 6.5% in Grade 5). In addition, reaction times lower than 350
ms or higher than 6000 ms (0.8% in Grade 2 and 0.0% in Grade 5) as well as reaction
times 3 standard deviations above the participants’ mean (1.3% in Grade 2 and 1.4%
in Grade 5) were removed. The reported analyses were based on 85.2% of the trials
for Grade 2 and on 92.1% of the trials for Grade 5. The mean error rates per grade,
condition, and stimulus type can be found in Table 2. Table 3 contains the mean
reaction times.
CONDITION EFFECTS

Two models were specified: one for words and another for nonwords. For each model,
separate dummy variables were created for each condition by length by grade
combination, amounting to a total of 18 variables per model. To test for the main
effects of length and condition, as well as their interaction, each effect was split in two
contrasts, which were tested simultaneously in a multivariate test, using a chi-square
VWDWLVWLF Ȥð ZLWKWZRGHJUHHVRIIUHHGRP 7DEDFKQLFN )LGHOO )RUOHQJWKWKH
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contrasts specified the differences between three- and four-, and four- and five-letter
words. Condition effects were tested with contrasts denoting the differences between
the standard and both of the ‘extra task’ conditions and between the articulatory
suppression and tapping conditions. The reported analyses were based on the
unstandardized data, presented in Table 2 (error rates) and Table 3 (reaction times).
Words and nonwords. Errors and response latencies. The results for words and nonwords

were identical for both error rates and reaction times. The main effects of condition
were not significant, nor were there significant interactions between condition and
grade, or condition and length. Taken together, these results indicate that the error
rates and mean reaction times of second and fifth graders were not affected by task
condition, nor did the conditions of the task affect the length effects for words or
nonwords.

Table 2
Mean Error Rates per Grade, Condition and Stimulus Type

Nonwords

Words
3

4

5

3

4

5

Grade 2
Standard
Articulation
Tapping
Total

12.4 (8.8)
9.4 (7.4)
12.7 (7.5)
11.5 (8.1)

11.5 (11.9) 14.2 (10.3)
13.9 (11.5) 10.3 (9.4)
10.0 (9.2) 7.9 (11.1)
11.8 (11.0) 10.8 (10.6)

18.8 (12.8) 13.9 (6.9)
21.2 (17.5) 17.3 (10.2)
23.6 (16.6) 19.1 (13.1)
21.2 (15.9) 16.8 (10.6)

12.4 (10.1)
17.0 (11.2)
20.0 (12.7)
16.5 (11.8)

Grade 5
Standard
Articulation
Tapping
Total

9.0 (7.7)
7.3 (6.1)
8.3 (6.8)
8.2 (6.9)

5.0 (7.3)
7.0 (6.7)
7.6 (9.0)
6.6 (7.8)

6.0 (6.6)
7.0 (6.7)
7.9 (7.9)
7.0 (7.1)

6.0 (7.0)
5.7 (5.2)
8.9 (6.9)
6.9 (6.6)

9.3 (11.6)
11.4 (9.5)
7.9 (7.3)
9.6 (9.7)

9.3 (10.4)
9.2 (6.3)
8.6 (7.7)
9.0 (8.3)

Note: Error rates in percentages. Standard deviations in parentheses.
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Table 3
Mean Reaction Times per Grade, Condition and Stimulus Type

Words
3

4

Nonwords
5

3

4

5

1739
(699)
1741
(647)
1761
(834)
1747
(729)

1834
(719)
1938
(804)
1992
(1010)
1920
(852)

1968
(720)
1953
(846)
2015
(1010)
1978
(862)

962
(297)
1036
(349)
1025
(246)
1008
(301)

978
(280)
1043
(361)
1008
(241)
1010
(299)

Grade 2
Standard
Articulation
Tapping
Total

1363
(610)
1483
(592)
1390
(592)
1413
(600)

1464
(646)
1485
(585)
1501
(771)
1484
(673)

1555
(736)
1526
(628)
1556
(851)
1546
(744)

Grade 5
Standard
Articulation
Tapping
Total

850
(261)
903
(314)
888
(227)
881
(271)

822
(247)
896
(260)
846
(202)
855
(240)

823
(293)
872
(282)
856
(229)
851
(269)

943
(276)
1027
(305)
1007
(276)
993
(288)

Note: Reaction times in milliseconds. Standard deviations in parentheses

LEXICALITY AND LENGTH EFFECTS

Because the length effects for words and nonwords in Grade 2 and Grade 5 did not
differ across task conditions, we specified a new model without the factor task
condition. Both words and nonwords were included in this model to examine the
effects of lexicality. Dummy variables were created for each length by lexicality by
grade combination, amounting to a total of 12 variables.
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Errors. The significant three-way interaction between length, lexicality, and grade,

Ȥð   p < .05, indicated that length effects in the error rates were not the same
for words and nonwords, nor for Grade 2 and Grade 5. Second graders made more
HUURUVLQUHVSRQGLQJWRQRQZRUGVWKDQWRZRUGVȤð   p < .001. For words,
error rates were similar across different lengths. For nonwords, however, the length
HIIHFWZDVVLJQLILFDQWȤð   p < .001. More specifically, second graders made
more errors in responding to three-letter nonwords, than to four- or five-letter
QRQZRUGVȤð   p < .01. For fifth graders, error rates did not differ between
words and nonwords. For words, error rates were also similar across different lengths.
)RU QRQZRUGV KRZHYHU WKH OHQJWK HIIHFW DSSURDFKHG VLJQLILFDQFH Ȥð     p
= .068. More specifically, different from second graders, fifth graders made more
errors in responding to four- or five-letter nonwords than to three-letter nonwords,
Ȥð   p < .05.
Response latencies. The main effects of length and lexicality were both significant,

Ȥð   p DQGȤð   p < .001, respectively, indicating that in
general longer items yielded longer reaction times than shorter items, and nonwords
yielded longer reaction times than words. The three-way interaction between length,
lexicality and grade was not significant. But, the two-way interactions between
OH[LFDOLW\ DQG OHQJWK Ȥð     p   OHQJWK DQG JUDGH Ȥð     p
DQGOH[LFDOLW\DQGJUDGHȤð   p < .001, were significant.
,Q*UDGHWKHRYHUDOOOHQJWKHIIHFWZDVVLJQLILFDQWIRUERWKZRUGVȤð  = 18.26, p
DQGQRQZRUGVȤð   p < .001. Words of three letters yielded shorter
UHDFWLRQWLPHVWKDQZRUGVRIIRXUOHWWHUVȤð   p < .05, which in turn yielded
VKRUWHU UHDFWLRQ WLPHV WKDQ ZRUGV RI ILYH OHWWHUV Ȥð     p < .01. The same
SDWWHUQZDVIRXQGIRUQRQZRUGVRIWKUHHYHUVXVIRXUOHWWHUVȤð   p < .001,
DQGRIIRXUYHUVXVILYHOHWWHUVȤð   p < .01. The length effect for nonwords
ZDVODUJHUWKDQWKHOHQJWKHIIHFWIRUZRUGVȤð   p < .05, but this difference
ZDVVSHFLILFWRWKHOHQJWKHIIHFWIURPWKUHHWRIRXUOHWWHUVȤð   p < .05. The
length effect from four to five letters did not differ significantly between words and
nonwords.
In Grade 5, the overall length effect was significaQWIRUZRUGVȤð   p < .01,
but not for nonwords. Surprisingly, words of three letters yielded longer reaction
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WLPHV WKDQ ZRUGV RI IRXU OHWWHUV Ȥð     p < .05, which were responded to
equally fast as five-letter words. Reaction times to nonwords with three, four and five
letters were similar. The length effect for words, characterized by shorter reaction
times to longer words, was significantly different from the length effect for nonwords,
characterized by similar reaction times to nonworGVRIYDU\LQJOHQJWKȤð   p
< .05, but this difference was specific to the length effect from three to four letters,
Ȥð     p < .05. The length effect from four to five letters did not differ
significantly between words and nonwords.
The overall reaction times were longer for children in Grade 2 than for children in
Grade 5. As explained before, the interaction effects between lexicality and grade, and
length and grade might be a consequence of this difference in overall reaction time. In
other words, the interaction effects might reflect proportional differences. Therefore,
the analyses were repeated using within-subject standardized reaction times. Due to
this standardization, parameter estimates were also standardized and can be
interpreted as effect sizes. The first and second columns of values of Table 4 contain
the parameter estimates for the effects in this model. The interactions between
OH[LFDOLW\DQGOHQJWKȤð   p DQGOHQJWKDQGJUDGHȤð   p
< .001, remained significant, indicating that these are true interactions, not
proportional differences. However, the interaction between lexicality and grade was
no longer significant. Thus, differences in the effects of lexicality are proportional.
When overall reaction times were controlled for, children in Grade 2 and Grade 5
were similarly affected by lexicality.
NEIGHBORHOOD SIZE

Next, we added neighborhood size as a covariate. Because the distribution of the
number of neighbours was skewed, orthographic neighborhood size was logtransformed and standardized for words and nonwords separately. Four dummy
variables were specified: per grade, one dummy for the effect of neighborhood size on
words and one for the effect of neighborhood size on nonwords. These four variables
were added to the model described in the previous section, including a dummy
variable for each length by lexicality by grade combination.
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Errors. The effect of neighborhood size on words was not significant in Grade 2, nor in

Grade 5. For nonwords, however, both second and fifth graders made more errors in
responding to nonwords with larger neighborhood sizes than in responding to
nonwords with smaller neighborhood VL]HVȤð   p DQGȤð   
p < .001, respectively. The effects of neighborhood size on the error rates of words,
nonwords, or words and nonwords combined did not differ between second and fifth
grade. As in the previous analyses, the length effects in error rates to nonwords were
VLJQLILFDQW ERWK LQ *UDGH  Ȥð(2) = 9.20, p   DQG LQ *UDGH  Ȥð     p
< .001. In Grade 2, shorter nonwords yielded higher error rates than longer nonwords,
whereas in Grade 5, longer nonwords yielded higher error rates than shorter
nonwords.
Response latencies. Because the main interest was to compare the parameter estimates

of neighborhood size over stimulus types and grades, analyses were based on the
standardized reaction times. The third and fourth columns of values in Table 4 contain
the parameter estimates for the effects in this model. Due to standardization, the
estimates for neighborhood size can be interpreted as beta-coefficients.
The effect of neighborhood VL]HRQZRUGVDSSURDFKHGVLJQLILFDQFHLQ*UDGHȤð   
2.78, p   DQG ZDV VLJQLILFDQW LQ *UDGH  Ȥð     p < .001. For both
second and fifth graders, words with a larger neighborhood size yielded shorter
reaction times than words with a smaller neighborhood size. However, this effect was
ODUJHU IRU ILIWK JUDGHUV WKDQ IRU VHFRQG JUDGHUV Ȥð     p < .05. With
neighborhood size in the model, the length effect in Grade 5 remained significant,
Ȥð     p < .001. However, the length effect in Grade 2 was no longer
significant, indicating that the length effect was overestimated when neighborhood
size was not controlled for.
Nonwords with a larger neighborhood yielded longer reaction times than nonwords
with a smaller neighborhood in bRWK VHFRQG Ȥð     p < .05, and fifth grade,
Ȥð     p < .001. The magnitude of this effect did not differ significantly
between second and fifth graders. With neighborhood size in the model, the length
effect in Grade 2 was again significantȤð   p < .001. The length effect in
Grade 5 was not significant in the previous analysis, but reached significance in this
PRGHO Ȥð     p < .001. For both second and fifth graders, longer nonwords
101

CHAPTER 5

yielded longer reaction times. The length effects did not differ significantly between
Grade 2 and Grade 5. These results indicate that length effects in nonwords are
underestimated when neighborhood size is not controlled for.
The results showed that length effects changed when neighborhood size was included
in the model. However, the correlation between length and neighborhood size is large
(r = -.84, p < .001 for words, and r = -.80, p < .001 for nonwords). Such a strong
relation increases the risk that results are affected by multicollinearity. However, we
have two reasons to believe that this is not the case for our results. First, our
correlations did not reach the .90 criterion suggested by Tabachnick and Fidell (2001).
Second, multicollinearity can be detected by standard errors that increase up to three
times, resulting in nonsignificant parameter estimates (Tabachnick & Fidell, 2001). In
our models, however, standard errors were similar across models including only
length

and

both

length

and

neighborhood

size

(see

Table

4).

Table 4
Effect Sizes and Beta-coefficients of the Standardized Models

N size excluded

Words
3 letters
4 letters
5 letters
Nonwords
3 letters
4 letters
5 letters
N size
Words
Nonwords

Grade 2

Grade 5

Grade 2

Grade 5

-.432 (.033)
-.335 (.033)
-.229 (.037)

-.224 (.033)
-.334 (.034)
-.384 (.032)

-.369 (.050)
-.346 (.033)
-.281 (.048)

-.045 (.052)
-.365 (.035)
-.530 (.045)

.163 (.039)
.395 (.034)
.515 (.035)

.284 (.035)
.331 (.037)
.348 (.033)

.101 (.049)
.395 (.034)
.582 (.048)

.164 (.045)
.331 (.037)
.476 (.045)

-

-

-.056+ (.033)
.066* (.031)

-.157*** (.035)
.126*** (.029)

Note: Standard errors in parentheses.
* p < .10. ** p < .05. *** p < .001.
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DISCUSSION
In the current study, we investigated how length effects in children’s lexical decisions
can be interpreted. First, we examined whether length effects were present. In line
with previous studies, we initially did not take neighborhood size into account. We
found that beginning readers show longer response latencies to longer items for both
words and nonwords (Acha & Perea, 2008; Filippo et al., 2006; Martens & de Jong,
2006). Similar to adults, more advanced readers did not show a length effect for
nonwords (Juphard et al., 2004). For words, however, in contrast to previous results,
response latencies decreased when the number of letters increased.
Next, we controlled for neighborhood size to test the possibility that length effects
should actually be ascribed to differences in neighborhood size. With neighborhood
size in the model, for words no length effect was found for beginning readers,
whereas the decrease in response latencies in advanced readers became stronger. For
nonwords, both beginning and advanced readers were affected by length, with longer
reaction times to longer nonwords. These results corroborate the importance of
accounting for neighborhood size when examining length effects.
The length effect for words in our advanced readers is in line with the effect reported
for adults by New et al. (2006), who also controlled for neighborhood size. This
suggests that fifth grade readers and adults approach the lexical decision task
similarly. New et al. focused solely on words. How neighborhood size might affect
length effects for nonwords has not previously been studied. The present results
indicate that in advanced readers, the length effect is obscured due to differences in
neighborhood size. However, when neighborhood size is controlled, a length effect is
found. Interestingly, these results are in line with the different results reported by
Juphard et al. (2004), who did not take neighborhood size into account and did not
find a length effect in nonwords, and the results of Balota et al. (2004), who did
control for neighborhood size and did find a length effect in nonwords.
The main issue remains how to interpret length effects in lexical decisions. We
examined the possibility that length effects emerge because beginning readers
approach the lexical decision task as a naming task. However, this possibility was not
supported by our findings on neighborhood size. An important finding of the current
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study is that words with a larger neighborhood yielded shorter latencies, whereas
nonwords with a larger neighborhood yielded longer latencies. These effects of
neighborhood size mirror those found in adult lexical decisions (e.g., Carreiras et al.,
1997), rather than in children’s naming latencies (e.g., Marinus & de Jong, 2010a).
The effect of neighborhood size on words was stronger in advanced than in beginning
readers. Although this difference was not significant for nonwords, it pointed in the
same direction. Because advanced readers arguably have developed a larger
orthographic lexicon than beginning readers, it is not surprising that the effect of
neighborhood size increases. However, it is surprising that the difference is larger for
words than nonwords. This pattern of results might indicate that few neighbors are
sufficient to hinder nonword processing, whereas a larger neighborhood is needed to
facilitate word processing. Alternatively, the difference in the effect of neighborhood
size could be related to the relative frequency of stimuli and their neighbors. Marinus
and de Jong (2010a) found that neighbors of higher frequency than the stimulus
affected performance more than neighbors of lower frequency. For the nonwords, all
neighbors were by default of higher frequency than the stimulus. For the words,
however, two thirds of the stimuli had a neighbor of higher frequency (Baayen et al.,
1993; Schrooten & Vermeer, 1994). Beginning readers might not yet know, and
therefore, might not be affected by low-frequency neighbors of words.
In all, the effects of neighborhood size on children’s lexical decisions strongly suggest
that children adopt a lexical search, rather than a phonological recoding strategy. This
conclusion is further supported by the absence of an effect of articulatory suppression.
Both beginning and advanced readers who were asked to repeatedly utter a nonword
while performing the lexical decision task showed the same mean reaction times and
length effect patterns as children performing either the standard or the tapping
condition of the task. An effect of articulatory suppression would be expected if
children approach lexical decision as a naming task, because then the nonlexical route
might be involved. However, if lexical decisions are based on lexical search, in line
with the DRC model, the nonlexical route is not involved, and, accordingly, an effect
of articulatory suppression is not to be expected.
Our result is only partly in line with the reduced reaction times Arthur et al. (1994)
reported for the articulatory suppression condition. Both Arthur et al.’s and our results
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indicate that articulatory suppression does not hamper performance in a lexical
decision task. However, in contrast to our results, Arthur et al. found that articulatory
suppression even led to faster decision times. The authors suggested that children used
a redundant phonological check in a standard lexical decision task, which disappeared
in the articulatory suppression condition. Although it is difficult to guess as to the
nature of these different outcomes, one possibility might be that the high-frequency
words in our study, different from the average to high-frequency words used by
Arthur et al., were known sufficiently well not to require a phonological check.
Because we did not have a task that is known to be affected by articulatory
suppression, we cannot rule out the possibility that our articulatory suppression
condition was not successfully implemented nor that our between-subjects design was
not powerful enough to capture the effects. These possibilities, however, seem
unlikely. In a previous study by our group, using a between-subjects design for the
articulatory suppression and tapping conditions, with an equally large group of
children of a similar age, the same articulatory suppression condition was found to
have an effect on the orthographic learning of unfamiliar words (de Jong, Bitter, van
Setten, & Marinus, 2009).
Interestingly, the current results suggest a slightly different interpretation for the
findings of de Jong et al. (2009) and similar studies on orthographic learning (Kyte &
Johnson, 2006; Share, 1999). In these studies, children performed a lexical decision
task. The nonwords in this task were repeated. Orthographic learning was examined in
a subsequent naming task including these nonwords as well as control nonwords that
children had not previously been exposed to. Children read nonwords included in the
lexical decision task faster than new nonwords. Based on the finding that homophone
spellings of the target nonwords were also read faster than new nonwords (e.g.,
BLAIN versus BLANE), de Jong et al. argued that children had acquired a
phonological representation of the nonwords through phonological recoding during
the lexical decision task. However, this argument presumed that children approach the
lexical decision task as a naming task. Given the results of the current study, that
children’s lexical decisions are based on lexical search, the results of de Jong et al.
suggest that phonological codes are activated during lexical decisions enabling,
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through repeated exposure, the acquisition of a phonological representation of a novel
word.
Support for a lexical search strategy in combination with length effects for nonwords
poses a challenge for the PDP model as well as for the DRC model. The PDP model
predicts effects of neighborhood size (e.g., Seidenberg & McClelland, 1989; Plaut et
al., 1996). However, neighborhood size did not fully explain length effects. When
neighborhood size was controlled for, length effects were found in nonwords. The
DRC model predicts length effects when the nonlexical route dominates processing
(e.g., Coltheart et al., 2001; Jackson & Coltheart, 2001). However, when lexical
decisions are based on lexical search, length effects should not be found. Neither
naming-like performance via the nonlexical route nor lexical search via the lexical
route can fully explain the findings.
Evidence in favor of lexical search rather than phonological recoding might indicate
that the origin of the length effect in lexical decision should be found in other aspects
of the word recognition process, such as the initial stage of visual feature analysis of
the letter string. The Connectionist Dual-Process (CDP+) model, although not
designed to account for lexical decision processes, might be interesting in this respect,
because it assumes a larger role for the visual stage by means of a graphemic buffer in
which a letter string is serially parsed into graphemes before phonemes come to play a
role (Perry, Ziegler, & Zorzi, 2007). Since lexical decisions mainly depend on visual
word recognition, a closer look at the role of the purely visual stage in processing a
(non)word might result in new insights concerning length effects. It could be that
additional letters in a stimulus yield longer processing times in a graphemic buffer
while a visual representation is put together, whereas the link to phonological
information is made equally fast for all items. A similar focus on letter identification
was recently suggested by Risko, Lanthier, and Besner (2011), who found that
interletter spacing elicited serial, but not sublexical, processing.
Taken together, the current study has shown that length effects are present in the
lexical decisions of children. Neighborhood size affected lexical decisions in children
in the same way as in adults. No independent evidence was found for phonological
recoding. Therefore, we conclude that children do not approach the lexical decision
task as a naming task but, rather, like adults, adopt a lexical search strategy. However,
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because length effects were present, we suggest that in future studies (serial) visual
processing might be considered as an alternative or additional factor in explaining
length effects.
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To learn to read is to light a fire; every syllable that is
spelled out is a spark.

- Victor Hugo -

Chapter 6
Parallel and serial reading processes
in children’s word and nonword
reading
Fluent reading is characterized by rapid and accurate identification of words. It is
commonly accepted that such identification relies on the availability of orthographic
knowledge. However, whether this orthographic knowledge should be seen as an
accumulation of word-specific knowledge in a lexicon acquired through decoding, or
as a well-developed associative network of sublexical units is still under debate. We
studied this key issue in reading research by looking at the serial and/or parallel
reading processes underlying word and nonword reading. Participants were 314 Dutch
second, third, and fifth graders. The children were administered digit, word and
nonword naming tasks. We used latent class analyses to distinguish between readers
who processed the letter strings serially or in parallel, based on the correlation
patterns of word and nonword reading with serial and discrete digit naming. The two
classes of readers were distinguished for both word and nonword reading. The validity
of these classes was supported by differences in sensitivity to word and nonword
length. Interestingly, the different classes seemed to reflect a developmental shift from
reading all letter strings serially, toward parallel processing of words, and later of
nonwords. The results do not support current theories on the representation of
orthographic knowledge. Rather, the findings would support a model of the reading
system that includes initial serial decoding, as well as later parallel activation of
phonology from print for all letter strings.

A revised version of this chapter has been accepted for publication: van den Boer, M.,
& de Jong, P. F. (accepted). Parallel and serial reading processes in children’s word
and nonword reading. Journal of Educational Psychology
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INTRODUCTION
Fluent reading is characterized by rapid and accurate identification of words. Such
identification is commonly believed to depend on the availability of orthographic
knowledge (e.g., Ehri, 2005; Share, 2008). However, the proper representation of
orthographic knowledge in a model of reading is still under debate. On the one hand,
it has been proposed that readers acquire word-specific knowledge and store this
knowledge in a lexicon (e.g., Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001;
Jackson & Coltheart, 2001). Upon encountering familiar words in written form,
pronunciation and meaning can immediately and automatically be retrieved from
memory (Ehri, 2005). On the other hand, it has been proposed that the reading system
is an associative network of interconnected sublexical units, without lexical memory
for words (e.g., Plaut, McClelland, Seidenberg, & Patterson, 1996; Seidenberg &
McClelland, 1989). First, we discuss these two approaches and their implications in
more detail. Next, we consider methods to determine whether word identification is
based on the retrieval of pronunciations from memory.
According to the first approach, the word-specific approach, fluent reading means
reading by sight. For a word to be read by sight, a connection must be made between
the orthographic form of a word and its previously acquired phonological counterpart
(Ehri, 2005). According to the self-teaching hypothesis (Share, 1995, 1999), a reader
can acquire the detailed orthographic representations necessary for fast and efficient
reading, through phonological recoding of novel letter strings. Every time a reader
successfully decodes a printed word into a phonological code, an orthographic
representation of that word is built or strengthened. Therefore, beginning readers
initially rely on decoding skills to read words, but read more fluently, when previous
encounters with words have accumulated in well-established orthographic
representations.
This development of the reading system, from heavy reliance on decoding, toward
reading an increasing number of words by sight, fits well with the Dual Route
Cascaded model of reading (DRC model; Coltheart et al., 2001; Jackson & Coltheart,
2001). Therefore, the DRC model provides a useful framework in studying reading
development, although it should be noted that the model is intended to model reading
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aloud of monosyllabic letter strings by adult fluent readers. Within the DRC model,
two routes are distinguished that are simultaneously active. Initial parallel
identification of letter identities is common to both routes. Subsequently, phonology
is activated through the lexical and nonlexical routes. Sight word reading is
represented as reading through the lexical route. In the lexical route, word
identification is achieved in parallel by successive activation of the word’s entry in the
orthographic and phonological lexicon. Decoding, dominating the processing of
unfamiliar words or nonwords, is modeled with the nonlexical route. This route works
in parallel to the lexical route, but graphemes are serially decoded into phonemes,
according to grapheme-phoneme conversion rules. As a result of reading experience,
one could expect a gradual shift in dominance from the nonlexical route, when many
words are decoded early in development, toward the lexical route, when an increasing
number of words becomes represented in the orthographic lexicon and can be quickly
recognized by sight.
An important characteristic of the DRC model (e.g., Coltheart et al., 2001) is that
words can only be read by sight if a word-specific representation is present in the
orthographic lexicon. In other words, reading development is item-specific. Only if
words have previously been encountered, and successfully decoded, can orthographic
representations exist. And only if orthographic representations exist, that are
connected to the representations of the same words in the phonological lexicon, can
words be processed in parallel.
This idea of word-specific orthographic knowledge, however, stands in sharp contrast
to the second approach in modeling the reading system. According to the Parallel
Distributed Processing model (PDP; e.g., Plaut et al., 1996), for example, wordspecific representations, do not exist. Rather, letter strings are read by a reading
system, based on parallel activation of interconnected orthographic, phonological, and
semantic units. The interactions among these units are governed by connection
weights that represent the system’s knowledge of spelling-sound correspondences in
the language input. Within this associative network of sublexical units, there is no
orthographic nor phonological lexicon for words.
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As a result of the different representations of orthographic knowledge, as either wordspecific, or sublexical, the DRC and PDP models of reading also have different
definitions of fluent reading. Fluent reading, in the DRC model (e.g., Coltheart et al.,
2001), entails reading by sight, which occurs through parallel activation of phonology
of a letter string by accessing representations in the orthographic and phonological
lexicon. In the PDP model (e.g., Plaut et al., 1996), in contrast, fluent reading entails
parallel activation of phonology from print via sublexical units. Both models,
however, predict that fluent word reading is achieved through parallel computation of
phonology from the letter string.
The models differ greatly in how they account for the reading of nonwords.
According to the DRC model (e.g., Coltheart et al., 2001), nonwords cannot be
represented in the orthographic lexicon, and as a result always require involvement of
the nonlexical route. In contrast, PDP models do not presume a separate mechanism
for the reading of unfamiliar words and nonwords. According to the PDP model (e.g.,
Plaut et al., 1996), all letter strings are read by the same reading system, through
parallel activation of the interconnected units. Nonwords, especially those that adhere
to regular orthographic and phonological patterns, are not processed differently from
words.
A key issue in distinguishing between these two models of reading is whether or not
phonological codes of words and nonwords are activated in parallel. Within the DRCframework, length effects have been studied as indicators of whether phonology is
activated predominantly serially or in parallel. In the early stages of reading
development, the speed of single word and nonword reading increases as a function of
the number of letters, whereas in advanced readers this length effect becomes
restricted to longer words (i.e., more than six letters), and nonwords (e.g., Marinus &
de Jong, 2010b; Spinelli et al., 2005; van den Boer, de Jong, & Haentjens-van
Meeteren, 2013; Weekes, 1997; Ziegler, Perry, Ma-Wyatt, Ladner, & Schulte-Körne,
2003; Zoccolotti et al., 2005). A length effect is presumed to occur when words are
identified through serial activation of phonology, whereas the absence of a length
effect indicates that phonology is activated in parallel. In line with the DRC model,
length effects remain for nonwords, which are supposed to be read predominantly
through the nonlexical route.
112

PARALLEL AND SERIAL READING PROCESSES

However, although a length effect is indeed expected when letter strings are decoded,
the reverse, that an observed length effect is the result of decoding, is not necessarily
true. In fact, length effects have been found that could not be ascribed to serial
processing through the nonlexical route (Risko, Lanthier, & Besner, 2011; van den
Boer, de Jong, & Haentjens-van Meeteren, 2012). Risko et al. (2011), for example,
found that increased spacing between letters resulted in increased effects of item
length. These effects, however, were found at the level of letter identification, not
serial activation of phonology. Similarly, van den Boer et al. (2012) found length
effects in the lexical decisions of children, while independent evidence suggested that
items were processed in parallel through the lexical route. Together, these findings
indicate that a length effect in and of itself does not prove that serial processes
underlie word identification. Moreover, in PDP models, length effects are not
interpreted in terms of decoding, but are ascribed to other factors, such as visual and
articulatory factors, or differences in orthographic neighborhood size (Seidenberg &
Plaut, 1998; but see Plaut, 1999, for an attempt to model length effects within a PDP
framework). Thus, length effects are expected when words are decoded, but a length
effect in itself does not prove that words have been identified through serial decoding.
Additional independent evidence for a serial or parallel reading strategy is called for.
As an alternative, it has been proposed that parallel processing can be detected by the
speed with which single words are read. Ehri and Wilce (1983) compared how
quickly beginning readers could identify highly familiar, overlearned symbols (i.e.,
digits) with the readers’ word recognition speed. In skilled readers, response latencies
to both digits and words were equal as early as first grade. In less skilled readers,
however, similar response rates were obtained later, around third or fourth grade.
These results indicated that, even in the first years of reading development, words are
no longer decoded, but are processed in parallel and elicit the same routinized naming
responses as overlearned symbols. Interestingly, Ehri and Wilce (1983) also included
three letter nonwords in their study, and found that skilled readers also identified these
nonwords as quickly as digits. Less skilled readers, however, identified nonwords
slower than digits at least up to fourth grade. These results pose a challenge for the
DRC model, which states that nonwords are read mainly through the nonlexical route,
and could never be recognized by sight. Instead, these findings suggest, in line with
the PDP model, that nonword phonology could potentially be activated in parallel.
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In line with Ehri and Wilce (1983), Aaron et al. (1999) showed that if a word is
processed in parallel, the speed of reading this word is close to the speed of naming
letters. Similar results have also been reported by van den Bos, Zijlstra, and van den
Broeck (2003), who showed that naming speed of alphanumeric symbols (i.e., letters
and digits) was closely related to monosyllabic word naming speed. However, naming
speed is greatly influenced by word frequency (e.g., Forster & Chambers, 1973;
Frederiksen & Kroll, 1976). The phonological codes of digits are very frequent, which
results in relatively short naming latencies. Therefore, similar reading latencies to
digits and words are probably only found when high frequent words are studied.
Reading latencies to words of lower frequency might not be equal to reading latencies
of digits, even though these words might be processed in parallel.
To get around this problem, de Jong (2011) argued that if word reading relies on a
parallel retrieval process, individual differences in word reading and digit naming
speed should be similar. Therefore, a high correlation should be found between word
and digit naming, despite possible differences in absolute naming speed. More
specifically, de Jong proposed to consider the relations of serial and discrete digit
naming with word reading to determine whether a particular set of words is read by
sight. Digit naming concerns the rapid naming of digits. For serial naming the digits
are presented in rows whereas in discrete naming digits are presented one by one, on a
computer screen. Naming latencies of digits presented in a discrete format were
assumed to reflect lexical access speed, the retrieval of known phonological codes
from memory. If words, also presented in a discrete format, are processed in parallel,
a high correlation is expected with discrete digit naming. If, however, words are read
through decoding, a stronger relation could be expected with a serial format of digit
naming, because both activation of phonology and serial digit naming reflect a serial
process. The correlation patterns were in line with these expectations. For beginning
readers (Grade 1), word reading was most strongly related to serial digit naming,
whereas discrete digit naming was the stronger correlate for more advanced readers
(Grades 2 and 4).
As a next step, de Jong (2011) showed through latent class analyses, that the children
from the three grades could be assigned to two classes of readers. For a large class of
readers, single word reading related strongly to discrete digit naming. For a second,
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smaller class of readers, however, single word reading related more strongly to serial
digit naming. This suggested that the first class of readers processed the words in
parallel, similar to naming a digit. The second class of readers, however, was not
processing the words in parallel, but predominantly relied on a serial decoding
strategy instead. De Jong argued that this classification is fully compatible with an
item-specific view of reading development, such as the DRC model (e.g., Coltheart et
al., 2001). Whether a reader processed the words in parallel or serially depends on
whether the words in the set were represented in the lexicon or not. If the words were
represented in the lexicon, the words were read by sight. If the majority of the words
in the set was not represented in the lexicon, the main reading strategy would be serial
decoding. In other words, the classifications depend on the words that were presented.
The number of classes would vary with the number of word sets used, and the sizes of
the classes with the difficulty of the words included.
In the current study we focused on word and nonword reading in Grades 2, 3, and 5.
For word reading, we expected to find two classes of readers, namely serial and
parallel processors. More importantly, we studied whether these results are tied to a
particular set of words, by studying whether similar classes of readers could be
distinguished for nonword reading. According to an item-specific view of reading
development, and in line with the DRC model, all readers should have a
predominantly serial reading strategy for nonwords, thus only one class of serial
nonword readers should be identified. These predictions will be tested against the
predictions of the PDP model (e.g., Plaut et al., 1996), which states that both words
and nonwords are processed in parallel by all readers. Thus, a single class of parallel
processors would be expected for both word and nonword reading. If nonwords, like
words, can be processed in parallel, this would indicate that serial and parallel reading
processes are not tied to particular sets of words, but can potentially be generalized to
all short words and nonwords. A second novel aspect in the current study is the focus
on validating the interpretation of the different classes of readers by examining length
effects. Reading latencies of serial processors are expected to be affected by word
length, whereas the reading latencies of parallel processors are hypothesized to be
independent of length.
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METHOD
PARTICIPANTS
A total of 314 Dutch children participated in the study. One hundred seventeen
children attended second grade (52 boys, 65 girls), 86 third grade (44 boys, 42 girls),
and 111 fifth grade (51 boys, 60 girls). The mean ages of the children were 8 years
(SD = 5.70 months) in Grade 2, 9 years 4 months (SD = 6.58 months) in Grade 3, and
11 years (SD = 5.86 months) in Grade 5. All children attended mainstream primary
education. Scores on the One Minute Reading Test (Eén Minuut Test; Brus & Voeten,
1995), a standardized test of word reading fluency with an average of 10 and a
standard deviation of 3, showed that the sample included a representative range of
reading abilities (Grade 2: M = 10.66, SD = 2.93; Grade 3: M = 10.54, SD = 2.52;
Grade 5: M = 9.25, SD = 2.58). All children had normal or corrected to normal vision.
MEASURES

A word and nonword reading task was administered to all children, as well as serial
and discrete measures of digit naming.
Discrete word and nonword reading. The reading task consisted of 45 words and 45

nonwords varying in length from three to five letters. For each length, fifteen
monosyllabic words were selected from a corpus of child literature of two million
tokens (Schrooten & Vermeer, 1994). Across lengths words were matched on onset
(i.e., the first letter) and frequency. The words ranged in frequency to reflect the
variation in words children encounter (Mdn = 23, range: 1-148). Nonwords were
created by interchanging onsets and rhymes of the words. For example, the words
‘drift’, ‘front’, and ‘kramp’ (meaning urge, front and cramp respectively) were used
to create the nonwords ‘dront’, ‘framp’ and ‘krift’. Therefore, words and nonwords
were matched on onset and consonant-vowel structure. When the created nonword
was unpronounceable or also a Dutch word, one letter was changed in the rhyme.
The reading task (as well as the discrete digit naming task described below) was
programmed in E-prime Version 1.0 (Schneider, Eschman, & Zuccolotto, 2002).
Words and nonwords were presented one by one in the middle of a laptop screen
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(14.1 inches; 35.8 cm) in 72-point Arial font. A plus sign presented for 750
milliseconds (ms) focused attention. Then the word or nonword appeared and children
were asked to read it aloud as quickly and accurately as possible. A voice key
registered naming latencies from the onset of stimulus presentation until the onset of
the response. The experimenter registered naming accuracy on a response box (correct
and valid, incorrect, or invalid). Words and nonwords were presented in blocks,
separated by a fixed break of 1.5 minutes. The order of word and nonword reading
was counterbalanced across the children.
Digit naming. Naming of digits (1, 3, 5, 6, and 8) was administered in serial and

discrete format.
Serial digit naming. The five digits were presented ten times in a random order on a

sheet with five lines of ten digits each (see Denckla & Rudel, 1976). Children were
asked to name aloud all digits as quickly as possible. The time needed to name all 50
digits was converted to the number of digits named per second.
Discrete digit naming. The 50 digits were also presented in a discrete naming task, in

the same order as in the serial task. The digits were presented one by one in the
middle of a laptop screen (14.1 inches; 35.8 cm) in 72-point Arial font. Each trial
started with a plus sign, presented for 750 ms, to focus attention. Then the digit was
presented and remained on the screen until the child made a response. A voice key
registered response latencies from the onset of presentation until the onset of the
response. The experimenter registered naming accuracy on a response box (correct
and valid, incorrect, or invalid). The score consisted of the mean naming latency per
digit, converted to the number of digits named per second.
PROCEDURE

Children in second and fifth grade were tested in January/February, when they had
received approximately one year five months and four years five months of reading
instruction, respectively. Third graders were tested in June/July, after approximately
three years of reading instruction, meaning that the reading age of these children lies
exactly between the reading ages of second and fifth graders. The word and nonword
reading task and the digit naming tasks were administered during two waves of more
extensive data collection. Second and fifth graders participated in a classroom session
of about 1 hour 30 minutes, and two individual sessions of approximately 30 minutes
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each. Third graders completed the experimental tasks during one individual session of
approximately 40 minutes.

RESULTS
CLUSTERING READERS BASED ON READING PROCESSES

As to be expected in a transparent orthography, mean accuracy across grades was high
for both words (M = .95, SD = .07) and nonwords (M = .92, SD = .09). Reading
latencies were excluded from analysis if the voice key was not validly triggered
(5.9%), if latencies were less than 250 ms or more than 6000 ms (0.9%), and if
latencies were more than three standard deviations from a participant’s mean (1.6%).
Similar to de Jong (2011), word and nonword reading latencies were converted into
fluency scores reflecting the number of items read correctly per second. First, average
word and nonword latencies were calculated for each child, and transformed to the
number of items read per second to normalize scores. Then, the proportion of words
and nonwords read correctly was calculated over valid trials. Finally, word and
nonword fluency scores were calculated by multiplying the number of items read per
second by the proportion of items correct. For clarity purposes, we use the terms word
reading fluency and nonword reading fluency to refer to these reading scores.
However, please note that the measures of reading fluency are based on a discrete
word and nonword reading task.
Scores on word and nonword reading fluency, as well as on serial and discrete digit
naming, were normally distributed in each grade separately and in the entire dataset.
All variables were inspected for univariate outliers (i.e., a score of more than three
standard deviations above or below the mean), separately for each grade. Two outliers
(one in Grade 3 and one in Grade 5) were identified for word reading, one (in Grade
3) for nonword reading, two (one in Grade 3 and one in Grade 5) for serial digit
naming, and two (one in Grade 3 and one in Grade 5) for discrete digit naming. These
scores were coded as missing and not included in the analyses. None of the children
were identified as a multivariate outlier.
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Descriptive statistics. The means and standard deviations on word and nonword reading

fluency, and serial and discrete digit naming for each grade are shown in Table 1.
Overall, growth can be seen across grades. Both reading fluency and digit naming
speed increase, with large differences mainly between Grades 2 and 3. Across all
grades, average reading fluency is lower than average digit naming speed.
Correlations between word and nonword reading fluency, and serial and discrete digit
naming for each grade are shown in Table 2. In Grade 2, relations between word
reading fluency and serial and discrete digit naming are similar, with a slightly
stronger correlation between word reading and serial digit naming. In Grades 3 and 5,
however, word reading is more strongly related to discrete than to serial digit naming.

Table 1
Means (and Standard Deviations) on Word and Nonword Reading Fluency, and
Serial and Discrete Digit Naming in Items per Second in Grades 2, 3, and 5
Grade 2
(N = 117)

Grade 3
(N = 86)

Grade 5
(N = 111)

Word reading fluency
Nonword reading fluency

1.13 (.43)
.99 (.43)

1.62 (.25)
1.44 (.29)

1.68 (.27)
1.46 (.34)

Serial digit naming
Discrete digit naming

1.75 (.39)
1.69 (.26)

2.19 (.42)
1.91 (.25)

2.27 (.45)
2.00 (.31)

Table 2
Correlations of Word and Nonword Reading Fluency with Serial and Discrete Digit
Naming in Grades 2, 3, and 5
Words

Nonwords

Digit
Naming

Grade 2
(N = 117)

Grade 3
(N = 86)

Grade 5
(N = 111)

Grade 2
(N = 117)

Grade 3
(N = 86)

Grade 5
(N = 111)

Serial
Discrete

.532**
.467**

.274*
.503**

.232*
.643**

.564**
.454**

.338**
.444**

.343**
.543**

Note. * p < .05. ** p < .01.
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Interestingly, the same pattern is found in the correlations between nonword reading
fluency and digit naming. In Grade 2, nonword reading is related most strongly to
serial digit naming. In Grade 3, however, a shift is found in the correlations, and
nonword reading is most strongly related to discrete digit naming. In Grade 5, this
shift is even more pronounced, and nonword reading is strongly related to discrete
digit naming.
A series of stepwise regression analyses was conducted to examine whether serial and
discrete digit naming were independent predictors of reading fluency. The analyses
were conducted for each grade, with word and nonword reading fluency as dependent
variables. In the first set of analyses serial digit naming was entered first, and it was
determined whether including discrete digit naming resulted in additional explained
variance. In the second set, the order of serial and discrete digit naming was reversed.
The (additional) variance explained in each step is presented in Table 3. In Grade 2,
both serial and discrete digit naming explain unique variance in word reading fluency.
In Grades 3 and 5, however, discrete digit naming was the stronger predictor, and
serial digit naming did not explain additional variance. For nonword reading fluency,
the results were the same, with the exception of a small independent effect of serial
digit naming on nonword reading fluency in Grade 5. Interestingly, the results clearly
show an increase in the amount of variance in reading fluency explained by discrete
digit naming, and a decrease in the amount of variance explained by serial digit
naming.
Table 3
R2 Changes in Hierarchical Regression Analyses using Serial and Discrete Rapid
Naming to Predict Word and Nonword Reading Fluency
Words
Digit
Naming

Nonwords

Grade 2

Grade 3

Grade 5

Grade 2

Grade 3

Grade 5

1. Serial
2. Discrete

.28**
.06**

.08*
.18**

.04*
.39**

.32**
.05**

.11**
.11**

.10**
.24**

1. Discrete
2. Serial

.22**
.13**

.26**
.00

.42**
.01

.21**
.16**

.20**
.02

.30**
.04**

Note. * p < .05. ** p < .01.
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Classes of readers. The correlation patterns and regression results indicate that in the

early stages of reading development (i.e., Grade 2) serial digit naming is the stronger
correlate and predictor of reading fluency, whereas reading becomes more strongly
related to discrete digit naming in the higher grades. This might suggest that two
classes of readers could be found; one class for whom word reading is related more
strongly to serial digit naming, and one class for whom word reading is related more
strongly to discrete digit naming. Alternatively, three classes of readers could be
expected, when readers are better classified by grade. Therefore, both two- and threeclass models were fitted and compared. Correlation patterns with nonword reading
fluency suggest that similar clusters of children could be found based on the relations
between nonword reading and digit naming. Therefore, the same models were
estimated based on nonword reading, serial digit naming and discrete digit naming 1.
If a (categorical) variable is measured that can be the source of heterogeneity within a
sample, this variable can be used to split participants into groups and differences can
be analyzed through multiple group analyses. If, however, the source of heterogeneity
is hypothesized but unobserved, as are reading strategies in the current study, factor
mixture modeling can be used to determine classes within a heterogeneous sample
(Lubke & Muthén, 2005). Through factor mixture modeling, participants are clustered
into unobserved (latent) classes, based on mean scores on and correlations between a
set of observed variables. Input for the current analyses were three variables: word or
nonword reading, serial digit naming and discrete digit naming.
Models distinguishing between two classes and three classes were fitted using Mplus
version 5.21 (Muthén & Muthén, 2009). Several statistics can be obtained to evaluate
model fit and decide on the number of classes. However, Nylund, Asparouhov, and
Muthén (2007) showed that the Bayesian information criterion (BIC) and Bootstrap
likelihood ratio test (BLRT) should be favored. Models with lower BIC values should
be preferred. The BLRT p-value indicates whether a model with k classes
significantly improves fit over a model with k-1 classes. In addition, entropy was used
to evaluate the models, with a value close to 1 indicating low average likelihoods that
1

Including word and nonword reading in one mixture model resulted in classes that
did not fit expected correlation patterns and were difficult to interpret. This is possibly
due to the high correlation between word and nonword reading.
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a child assigned to one class could have been assigned to another (Celeux &
Soromenho, 1996).
For the word reading fluency models, the two-class model was favored over the threeclass model, according to BIC (two classes: 633.19; three classes: 648.42) and entropy
(two classes: .878; three classes: .756). In addition, the BLRT indicated that the twoclass model fitted significantly better than a one-class model (p < .001), but that a
three-class model did not significantly improve fit over a two-class model (p = .92).
The results of the two-class solution are presented in Table 4. For a large class of 277
children word reading correlated more strongly with discrete than with serial digit
naming, suggesting that words are processed in parallel, or read by sight. Children
from each grade were assigned to this class of parallel processors (83 second, 84 third,
and 110 fifth graders). However, for a smaller class of 37 children, word reading was
most strongly related to serial digit naming, suggesting that words are not (yet)
processed in parallel. This class of serial processors consisted mainly of children in
Grade 2 (34 second graders, 2 third graders, and 1 fifth grader).
For the nonword reading fluency models, the two-class model was favored over the
three-class model, according to BIC (two classes: 690.22; three classes: 704.49), but
not according to entropy (two classes: .775; three classes: .836). The BLRT, however,
indicated that the two-class model fitted significantly better than a one-class model (p
< .001), but that a three-class model did not significantly improve fit over a two-class
model (p = .89). Moreover, one of the classes in the three-class solution included only
9 children and the interrelations among the variables within the classes were difficult
to interpret. Therefore, the two-class solution seemed best. The results of the twoclass solution are presented in Table 4. In line with the result for word reading, for a
large class of 245 children nonword reading correlated more strongly with discrete
than serial digit naming, suggesting that nonwords were processed in parallel. Parallel
processors were identified in each grade (66 second, 79 third, and 100 fifth graders).
For a smaller class of 69 children, nonword reading related more strongly to serial
digit naming. This class of serial processors, who did not (yet) process nonwords in
parallel, consisted mainly of children in Grade 2, although small groups of third and
fifth graders were also assigned to this class (51 second graders, 7 third graders, and
11 fifth graders).
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Table 4
Correlations of Serial and Discrete Digit Naming with Word and Nonword Reading
Fluency in Classes of Readers
Nonword reading fluency

Word reading fluency
Digit
naming

Class 1
(N = 37)

Class 2
(N = 277)

Class 1
(N = 69)

Class 2
(N = 245)

Serial
Discrete

.551*
.462*

.438*
.674*

.545*
.483*

.403*
.613*

Note. * p < .01

Table 5
Accuracy Rates and Reading Latencies (and Standard Deviations) for 3, 4, and 5
Letter Words and Nonwords in Serial and Parallel Processors
Words
Serial
processors
(N = 37)

3
letters
4
letters
5
letters

Nonwords
Parallel
processors
(N = 277)

Serial
processors
(N = 69)

Parallel
processors
(N = 245)

Acc.

RT

Acc.

RT

Acc.

RT

Acc.

RT

.89
(.10)
.78
(.17)
.82
(.16)

1160
(459)
1590
(704)
1952
(809)

.97
(.05)
.95
(.08)
.96
(.06)

607
(109)
639
(138)
669
(159)

.88
(.11)
.77
(.16)
.80
(.18)

1206
(436)
1572
(671)
1649
(754)

.97
(.05)
.93
(.09)
.94
(.08)

638
(102)
680
(131)
702
(138)

LENGTH EFFECTS

If our interpretation of the classes of readers is correct, differences would be expected
across classes in the length effects for both words and nonwords. Length effects are
expected when letter strings are processed serially. Therefore, length effects were
expected in the classes of readers, who process words or nonwords serially, but not in
the classes of readers, who process words or nonwords in parallel. Accuracy rates and
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correct reading latencies to words and nonwords of three, four and five letters are
presented in Table 5.
Multilevel models were used to test differences in length effects (Snijders & Bosker,
1999). Within a multilevel model, random factors from participants and items can be
captured within one model, instead of separate analyses (Quené & van den Bergh,
2004). Each response to an item (level 1) represents one case, but these cases are
nested under individuals (level 2). These models are equivalent to for instance the
repeated measures analysis of variance, but have more statistical power, because
analyses are based on responses to all separate items, instead of a mean score per
participant per condition.
The analyses were conducted with MLwiN 2.24 (Rasbash, Steele, Browne, &
Goldstein, 2008). Separate models for words and nonwords were specified. In each
model dummy variables for each length (3, 4, 5 letters) by class (serial, parallel
processors) combination were computed, amounting to a total of 6 variables. To test
the interactions of class and length, as well as the main effect of length, length effects
were split in two contrasts. These contrasts specified the differences between three
versus four, and four versus five letter items. The contrasts were tested simultaneously
in a multivariate test, using a chi-square statistic (Ȥ2) with two degrees of freedom
(Tabachnick & Fidell, 2001). The main effects of class were tested with a single
contrast, resulting in a chi-square statistic (Ȥ2) with one degree of freedom.
First, a model was specified for accuracy rates. Because accuracy was dummy coded
(0 is incorrect, 1 is correct), a logistic regression procedure was used, assuming a
binomial distribution, rather than the normal distribution assumed for reaction
latencies. Mean accuracy rates were high for both words (M = .95, SD = .07), and
nonwords (M = .92, SD = .09). However, serial processors were significantly less
accurate than parallel processors for both words, Ȥð(1) = 117.12, p < .001, and
nonwords, Ȥð(1) = 135.03, p < .001. Length effects were found in the accuracy rates of
both classes for both words (sHULDO SURFHVVRUV Ȥð    9.72, p < .001; parallel
SURFHVVRUVȤð   19.06, p < .001) and nonwords (sHULDOSURFHVVRUVȤð   48.40, p
< .001; pDUDOOHOSURFHVVRUVȤð   58.15, p < .001). These length effects did not differ
significantly between classes. The effects could mainly be ascribed to three-letter
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words and nonwords, which were read more accurately than both four- and five-letter
items.
The same model was specified for reading latencies. As can be seen in Table 5, large
differences are found between classes in mean reading latencies. These differences in
mean latencies might affect the interpretation of possible differences in length effects
across classes. Significant differences can reflect absolute differences in length
effects, but might also be merely proportional differences. Because we are interested
in relative differences in the effect of length, we controlled for the differences in
overall reading latencies by calculating within-subjects z-scores (Faust, Balota,
Spieler, & Ferraro, 1999). The subject’s overall mean reading latency was subtracted
from every item’s reading latency. The difference was divided by the standard
deviation of the subject’s latency score distribution based on all 90 word and nonword
items.
As expected, length effects for words were larger in serial processors than in parallel
processors, Ȥð    64.15, p < .001. Unexpectedly, however, a separate test showed
that the effect of length was significant in the parallel processors, Ȥ²(2) = 355.95, p
< .001. For nonwords, length effects were also larger in serial processors than in
parallel processors, Ȥð   32.69, p < .001. Again, however, a significant length effect
was also found for parallel processors, Ȥð   283.36, p < .001.
Two additional analyses were conducted to control for age and neighborhood size,
respectively. The classes of word and nonword parallel processors included more of
the older children, whereas the majority of the serial processors were children from
Grade 2. To determine whether the differences in length effects between classes could
be ascribed to age, we conducted the same analyses including only second graders.
These children were more equally divided over the classes (words: serial processors N
= 34, parallel processors N = 83; nonwords: serial processors N = 51, parallel
processors N = 66), and did not differ in age (words: 8 years 1 month versus 8 years;
nonwords: 8 years 1 month versus 7 years 11 months). Nevertheless, the results in
Grade 2 were the same as for the entire group. Length effects were larger in serial
than in parallel processors (words: Ȥð   35.01, p < .001; nonwords: Ȥð   22.20, p
< .001). Again, length effects were found in both classes of readers for both words
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(sHULDO SURFHVVRUV Ȥð    157.75, p < .001; pDUDOOHO SURFHVVRUV Ȥð    234.96, p
< .001) and nonwords (sHULDOSURFHVVRUVȤð   184.90, p < .001; parallel processors:
Ȥð   110.00, p < .001). Thus, differences in the length effects of serial and parallel
processors cannot be ascribed to differences in age between the classes.
According to the PDP model, length effects could be ascribed to orthographic
neighborhood size (Seidenberg & Plaut, 1998). Therefore, neighborhood size was
added to the model for reading latencies as a covariate. Because the distribution of
neighborhood size was skewed, a log-transformation was used and neighborhood size
was standardized. As a result the estimates for neighborhood size can be interpreted as
beta-coefficients. Four dummy variables were specified and added to the models for
words and nonwords; the effect of neighborhood size on words and on nonwords in
each class separately. The effect of neighborhood size on words was significant only
for the parallel processors (ȕ = -.06, Ȥ²(1) = 11.19, p < .001). Words with a larger
neighborhood size were read faster than words with a smaller neighborhood size. The
effect of neighborhood size on nonwords was significant for both serial processors (ȕ
= -.20, Ȥ²(1) = 22.75, p < .01), and parallel processors (ȕ = -.18, Ȥ²(1) = 67.62, p
< .001). Nonwords with a larger neighborhood size yielded shorter response latencies
than nonwords with a smaller neighborhood size. Although length effects decreased
when neighborhood size was controlled for, all length effects remained significant.
Thus, length effects in word and nonword reading latencies could not (fully) be
ascribed to neighborhood size.
CROSS CLASSIFICATION OF CLASSES FOR WORD AND NONWORD READING

We combined the classes that were identified in the separate word and nonword
models. Interestingly, of the four possible classes, only three classes of readers
emerged. The first class consisted of 36 children, who read both words and nonwords
serially. These children relied on decoding for both types of letter strings. A second
class of 244 children read both words and nonwords in parallel. Finally, 33 children
read words in parallel, but relied on serial processing for nonwords. Only one child
was identified as a serial processor of words, but parallel processor of nonwords,
indicating that this fourth class of readers did not exist in the data.
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DISCUSSION
In the current study we used serial and discrete digit naming to examine serial and
parallel processes in word and nonword reading. In line with the results of de Jong
(2011) we found that from second to fifth grade the relation of discrete word reading
with serial digit naming decreased whereas its relation with discrete digit naming
increased. A novel finding was that a similar pattern was found between the formats
of digit naming and nonword reading. Regression analyses revealed that from second
to fifth grade the amount of unique variance explained by discrete naming increased
in both word and nonword reading. Similar relations of serial naming with word and
nonword reading have been reported before, at least in more transparent languages
(Greek: Georgiou, Papadopoulos, Fella, & Parrila, 2012; German: Moll, Fussenegger,
Willburger, & Landerl, 2009; Dutch: van den Boer et al., 2013). The current results
add that also the development of the relations with both discrete and serial naming
over time is similar for words and nonwords.
Next, as predicted, we identified two classes of readers for word reading based on the
correlations with serial and discrete digit naming. In line with de Jong (2011), for a
large class of readers, single word reading was strongly related to discrete digit
naming. For these readers, the process of reading a single word thus mirrors naming a
single overlearned symbol. Words, like digits, are read through parallel retrieval of
phonological codes. For a second class of readers, however, single word reading was
more strongly related to serial digit naming. For these readers, the process of reading
a single word more closely resembled the serial naming of multiple overlearned
symbols, suggesting that word reading in this class relies on a serial process. As
argued by de Jong (2011), these results for word reading are compatible with a wordspecific view of reading development, as assumed for example in the DRC model
(e.g., Coltheart et al., 2001), but cannot be explained within a PDP model (e.g., Plaut
et al., 1996).
A novel and unexpected finding was that the same classes were found for nonword
reading. Strong correlations between nonword reading and serial digit naming were
found for one class of readers, suggesting that nonwords were identified through serial
reading processes. For a second and larger class of readers, however, nonword reading
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related most strongly to discrete digit naming, which suggests that the nonwords were
processed in parallel. Note that the finding of two classes of readers for nonword
reading is incompatible with both the DRC model (e.g., Coltheart et al., 2001) and the
PDP model (e.g., Plaut et al., 1996). For nonwords, both models predict one specific,
although different, reading strategy. Whereas nonwords should be processed serially
according to the DRC model, the PDP model predicts parallel processing of all letter
strings, words and nonwords alike.
Moreover, a clear developmental pattern could be seen, although we were unable to
study individuals’ stability of class assignment or transition across classes in the
current cross-sectional study. First, although in latent class analysis, as opposed to
group-wise comparisons, no assumptions have to be made about equal development
of all children within an age group (see Bouwmeester & Verkoeijen, 2010), grade
level was found to be a good proxy of the class assignments. The classes of serial
processors, of both words and nonwords, consisted mainly of younger children from
Grade 2. With just a few exceptions, all the older children in Grades 3 and 5 were able
to process the words and nonwords in parallel. These results are in line with de Jong
(2011), who identified serial decoders among first and second, but not fourth graders.
On the other hand, like Ehri and Wilce (1983), we also found parallel processing in
young readers with limited reading experience. Even the poorer readers eventually
read all words in parallel, since hardly any serial processors were identified past
Grade 2.
Second, when class assignments for word and nonword reading were combined, three
classes of readers were identified. Readers who processed both words and nonwords
in parallel, readers who processed only words in parallel, and readers who relied on
serial decoding for both words and nonwords. Importantly, the fourth possible group
of readers, who process words serially, but nonwords in parallel was not found.
Together, these results suggest a developmental path. With increasing reading
experience, a shift seems to occur from a serial decoding strategy to identify every
letter string, toward parallel processing of only words, and later on even nonwords.
An alternative interpretation of the classes and patterns of correlations in the current
study could be the increasing differentiation of abilities over time. In other words, our
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discrete reading task becomes more strongly related to discrete digit naming, because
of similar format and task demands. However, if this interpretation is valid, a drop in
the relation between serial and discrete digit naming would be expected. Our data do
not show a difference in the relation between serial and discrete digit naming across
classes of readers: .47 for serial word readers, and .44 for parallel word readers. A
similar pattern was found by de Jong (2011), who reported correlations of .50 and .45
for serial and parallel processors respectively. In comparison, in the same study the
relation between serial and discrete reading dropped from .80 to .32. In addition,
increasing differentiation of abilities is most likely a gradual process. In light of a
gradual differentiation process, it would not follow that at a certain point in time two
classes can be distinguished for whom the tasks either are or are not differentiated.
Probably, more than two classes would be expected.
Our results, however, do raise the question of what is initially processed serially. In
line with the DRC framework (e.g., Coltheart et al., 2001; Pritchard, 2012) we have
interpreted serial processing as serial activation of phonology through graphemephoneme conversion along the nonlexical route. The work of Fiset and colleagues
(e.g., Fiset, Arguin, Bub, Humphreys, & Riddoch, 2005; Fiset, Arguin, & McCabe,
2006; Fiset, Gosselin, Blais, & Arguin, 2006) on letter-by-letter dyslexia, however,
shows that serial reading processes can also be ascribed to serial identification of
letters, or a letter-by-letter reading strategy. Possibly, our younger readers, similar to
readers who suffer from letter-by-letter dyslexia, were unable to identify the letter
strings in parallel, and instead processed each letter separately, irrespective of how
phonology is subsequently activated. With increasing reading experience, readers
might develop the skills necessary for parallel letter identification. A similar
interpretation of increasing parallel processing of letters or letter strings has been
suggested by Protopapas, Altani, and Georgiou (2013a) to explain the strong relation
between serial digit naming and serial reading tasks. A main finding of the current
study, however, was the increasingly strong relation between discrete digit naming
and single word (and nonword) reading. Since only a single digit is presented in a
discrete naming task, this task cannot reflect parallel identification of multiple items.
In contrast, naming speed of a single digit can reflect the ability to retrieve a
phonological code in parallel. If indeed, the main difference between beginning and
more advanced readers is the ability to identify all letters in a string in parallel, an
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increase in the relation of word reading with naming a single digit seems difficult to
interpret. A more straightforward interpretation of the increase in the relation would
be that phonological codes for words and nonwords, like digits, are initially activated
serially but are increasingly activated in parallel.
To further support our interpretation of the classes of readers, length effects were
examined. As predicted, we found, for both words and nonwords, that length effects
were much larger in the classes denoted as serial processors, than in the classes of
parallel processors. This pattern of results was found both in the entire sample, and in
a separate analysis of second grade children (i.e., controlling for age differences).
The larger sensitivity to word and nonword length in the class of serial decoders
supports our interpretation of the reading strategy used. However, the small length
effects in the classes denoted as parallel processors are not in accordance with the
general idea that parallel processing of letter strings would result in the absence of a
length effect. These findings could imply many different things. Of course, the results
could indicate that our interpretation of the difference in reading strategies across the
classes is incorrect. For several reasons, however, we think it safe to assume that
small length effects can be observed in parallel processors. First, similar small length
effects have been regularly reported in advanced readers (e.g., Balota, Cortese,
Sergent-Marshall, Spieler, & Yap, 2004; Bates, Burani, d’Amico, & Barca, 2001;
Ziegler, Perry, Jacobs, & Braun, 2001) and children (Ziegler et al., 2003), all assumed
to use parallel processing. Such small length effects could reflect the involvement of
the nonlexical route. Although parallel activation of phonology is the dominant
reading strategy, letter strings are simultaneously processed through the nonlexical
route. Possibly, the nonlexical route contributed to the identification of at least some
of the items. In addition, a small percentage of serial decoders could have been
erroneously assigned to the class of parallel processors, which could also result in
small length effects. Alternatively, the findings could add to previous indications that
length effects cannot be uniformly ascribed to serial decoding of letters into
phonological codes (e.g., Risko et al., 2011; van den Boer et al., 2012). In several
computational models length effects are also not ascribed to serial activation of
phonology. Within PDP models, for example, length effects are ascribed to visual and
articulatory factors, or neighborhood size (Seidenberg & Plaut, 1998). Or, in more
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recent connectionist dual process models (CDP+: Perry, Ziegler, & Zorzi, 2007;
CDP++: Perry, Ziegler, & Zorzi, 2010) graphemes in a letter string are serially
connected to the onset, vowel, or coda position in a graphemic buffer. Subsequently,
phonology for the input in the graphemic buffer is activated in parallel, either through
the lexical route or through a sublexical parallel network of orthographic and
phonological units.
Admittedly, the approach taken in the current study adopts assumptions and has
limitations that should be mentioned. First, we have to acknowledge that in the current
study only short regular monosyllabic words were studied. The focus on monosyllabic
words fits well with the models of the reading system that were studied. Both the
DRC (e.g., Coltheart et al., 2001) and PDP (e.g., Plaut et al., 1996) models focus on
monosyllabic word reading. The question remains, however, whether the shift from
serial toward parallel processing can only be found in short words, or could also be
seen in longer monosyllabic, or in polysyllabic words. In addition, the nonwords in
the current study were constructed by interchanging onsets and rhymes of the words.
Possibly, nonwords were processed like words, because of their high resemblance to
words. Future studies might include multiple sets of nonwords, varying in their
similarity to words.
Another limitation lies in the tasks used in the current study. We included only a
discrete reading task. Thus, our results cannot be generalized to serial reading tasks.
Furthermore, the discrete reading and digit naming task were presented on a computer
screen, but the serial naming task was not. However, we do not think this had a major
effect on our results. Protopapas et al. (2013a) administered both serial and discrete
naming tasks on a computer, and found similar relations with word reading as in the
current study.
We also made specific choices in the scoring of the discrete naming and reading tasks.
The reaction latencies obtained in the naming tasks, which are a measure of time,
were converted to fluency scores, a measure of speed. This transformation was chosen
to correct for the skewed distributions of reading latencies (Ratcliff, 2003). Our
results are not expected to be different, however, if reaction latencies were used, since
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a high correlation (r > .80) was found between fluency scores and reaction latencies
for both word and nonword reading.
Finally, we chose to include naming of digits rather than letters. When studying word
reading, letter naming might seem the more obvious choice. Digits were chosen,
however, because digit names were expected to be even more well known by the
children, especially in second grade. In the Netherlands, the names of letters are
learned after letter sounds. Digits are acquired earlier. Moreover, in Dutch, digit
names are monosyllabic words, similar to the items in the reading task. However,
results are not expected to be different if letters were used. De Jong (2011) presented
correlations of discrete word reading with both digit and letter naming and showed
that past Grade 1, relations of letter and digit naming with word reading were found to
be almost identical.
Taken together, the results suggest that readers can be sorted into latent classes of
serial and parallel processors in reading single monosyllabic words and nonwords
based on the relations with serial and discrete digit naming. The different classes were
validated by large differences in sensitivity to word and nonword length. Together,
the different classes identified suggest a developmental shift from reading all letter
strings serially, toward parallel activation of phonology for words, and later on
nonwords. These findings pose a challenge for both the DRC (e.g., Coltheart et al.,
2001) and the PDP (e.g., Plaut et al., 1996) models of reading. Rather, these findings
would support a model of the reading system that incorporates developmental changes
from initial serial processing, toward later parallel activation of phonology from print
for all letter strings.
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Outside of a dog, a book is a man’s best friend. Inside of a
dog it is too dark to read.
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Chapter 7
General Discussion
This dissertation was aimed at bridging the gap between studies that focused on the
development of reading processes on the one hand, and studies that examined
cognitive skills that foster reading performance on the other hand. First, the findings
on reading processes and models of the reading system are summarized and reviewed.
Then, the results concerning cognitive correlates of reading, that is phonological
awareness, but mainly visual attention span and rapid naming, are discussed.

READING PROCESSES
It is generally accepted that children initially rely on phonological decoding to read
words. With increasing reading experience, however, they become able to process
letters in parallel and retrieve phonological codes from memory. Within the context of
the Dual Route Cascaded model (DRC; Coltheart, Rastle, Perry, Langdon, & Ziegler,
2001) this developmental change in reading processes has been studied by looking at
length effects. A length effect emerges when words are identified through a serial
reading process. When letters are decoded one-by-one to read a word, the speed of
word identification is highly dependent on the length of a word. A length effect is not
observed when words are processed in parallel, because the retrieval of phonological
codes from memory is independent of word length. In the current studies length
effects were further examined as a method to study reading processes. In addition, the
relation between reading and digit naming was considered as an alternative method to
infer reading processes.
Length effects were found in the naming latencies of second-grade beginning readers
for both words and nonwords (Chapter 4). In line with the DRC model (Coltheart et
al., 2001), as well as previous studies (e.g., Marinus & de Jong, 2010b; Spinelli et al.,
2005; Zoccolotti et al., 2005), the results imply that these readers do not process the
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letter strings in parallel, but predominantly rely on serial decoding. Unexpectedly, the
interaction between length and lexicality was not significant. Larger length effects
would be expected for nonwords than for words, because nonwords can never be
mapped onto a phonological code, and thus always require serial processing (e.g.,
Ans, Carbonnel, & Valdois, 1998; Coltheart et al., 2001). However, despite similar
length effects, nonwords were read more slowly than words. Together, these results
might suggest that the same processes underlie word and nonword reading, even
though reading an unfamiliar letter string does at some point slow down activation of
a phonological code.
In the same study, length effects were decomposed into an intercept and a slope.
Interestingly, these factors correlated only moderately, indicating that they represent
two related, but different parameters of the reading system. The slope, or the increase
in reading latencies with each additional letter, represents the length effect, or the
degree of serial processing. The intercept represents overall reading speed. Individual
differences were found in both aspects. These findings are consistent with the
developmental trends described by Spinelli et al. (2005) and Zoccolotti et al. (2005),
showing that children’s development in word reading is characterized by a decrease in
the sensitivity to word length, and also by an increase in overall reading speed.
The study reported in Chapter 5, however, indicated that examining length effects
might not be a reliable method to identify underlying reading processes. Although the
prediction of length effects when the underlying reading process is known to be serial
is straightforward, the reverse is not necessarily true. Interpreting length effects in
terms of a serial underlying reading process might be more problematic (see also
Risko, Lanthier, & Besner, 2011). For example, in connectionist models of the
reading system, length effects are not ascribed to serial reading processes, but to
visual and articulatory factors, or to differences in orthographic neighborhood size
(e.g., Seidenberg & Plaut, 1998). Additional, independent evidence of a serial or
parallel reading strategy was thus called for to test the reliability of length effects as
reflecting serial reading processes. In the current study length effects were found in
the lexical decisions of children, while independent evidence suggested that words
were processed in parallel. The effects of neighborhood size on identification
latencies indicated that children adopted a parallel lexical search, not a serial decoding
strategy. In addition, parallel processing of letter strings was supported by the absence
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of an effect of articulatory suppression. These results indicate that length effects in
and of itself do not prove that serial processes underlie word identification.
Therefore, an alternative method to study reading processes was examined. De Jong
(2011) argued that the relations of discrete and serial digit naming with word reading
can be used to infer underlying reading processes. If letters are processed in parallel,
reading a word mirrors discrete naming of a single digit. If, however, letters are
processed serially, reading a word more closely resembles naming multiple digits in a
row. Indeed, in the current study, two classes of readers were identified based on these
relations (Chapter 6). The majority of children read the words through a parallel
retrieval process, similar to naming a digit. A second class of readers was identified,
however, for whom reading a word more closely resembled serial digit naming,
suggesting that word reading relied on a serial process. Surprisingly, the results were
very similar for nonword reading. Importantly, when class assignments of word and
nonword reading were combined, only three classes of readers were identified:
children who read both words and nonwords in parallel, children who read both words
and nonwords through decoding, and children who read words in parallel, but
nonwords through decoding. Grade level was shown to be a good proxy of reading
development, such that serial processors were almost exclusively found in Grade 2.
These results seem to suggest a developmental path. With increasing reading
experience, a shift seems to occur from a serial decoding strategy to identify every
letter string, toward parallel activation of phonology first for words, and later on also
for nonwords. Having established reading processes, length effects were examined to
further support the interpretation of the classes. Indeed, length effects were found to
be much larger in children for whom the reading process was shown to be serial, than
in children who appeared to process the letter strings in parallel.
It should be noted that in the current study only short regular monosyllabic words
were studied. A focus on this type of words fits well with the models of the reading
system that were studied, as both the DRC (e.g., Coltheart et al., 2001) and PDP (e.g.,
Plaut et al., 1996) model reflect reading of monosyllabic words. Nevertheless, it is
important to consider whether similar results can be expected for longer polysyllabic
words. Two recent studies indicated that also for two- and three-syllable words,
reading processes shift from serial decoding toward parallel identification, as reflected
in the relations with serial and discrete rapid naming (Iwema, 2013; Protopapas,
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Altani, & Georgiou, 2013a). Further research is needed, however, to establish
development patterns in the reading processes underlying short and longer words and
nonwords. An interesting question to address is, for example, whether parallel
processes are found for short nonwords before longer words, or vice versa.
In sum, two ways to identify reading processes were examined. First the focus was on
length effects. A length effect in reading latencies is generally taken to indicate that
words are read through serial grapheme-phoneme conversion. Current results,
however, showed that length effects can also be found when phonology is activated in
parallel. Thus, length effects might be an unreliable method to infer reading processes.
An alternative method to establish reading processes was studied, which seems
promising. Based on the relations of single word and nonword reading with serial and
discrete digit naming, a distinction could be made between children who activate
phonology mainly serially or in parallel.
These findings have important implications for our understanding of how children
read words. Concerning word reading, results were in line with the developmental
trends described in theories of reading development (i.e., Ehri 2005; Share, 1995).
Younger, beginning readers process words through serial decoding, whereas older,
more advanced readers process words in parallel. In general, reading processes were
found to be tied to age and reading experience, such that most children who read
serially attended second grade. A few serial processors, however, were also identified
in Grades 3 and 5. The results might suggest that typically developing readers shift
toward parallel activation of phonology relatively quickly, whereas poor readers
continue to rely on serial decoding processes. Indeed, a pilot study suggested that
children with dyslexia can be divided into the same classes of readers, but progress
more slowly, as they continue to rely on serial decoding for words, and especially
nonwords at least up to Grade 4 or 5 (van der Molen, 2012). This topic, however,
clearly deserves further research.
The results for word reading are also compatible with the word-specific view of
reading development, as assumed in dual route models (e.g., Coltheart et al., 2001).
Words need to be decoded, until they become represented in the orthographic lexicon,
at which point words can be processed in parallel. According to dual route models,
however, nonwords can never be represented in the lexicon, and therefore always
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need to be processed mainly serially, through grapheme-phoneme conversion. Thus,
the current finding that nonwords, like words, can be processed in parallel is at odds
with the DRC model. The results are not fully in line with the alternative
connectionist models either. According to connectionist models (e.g., Plaut et al.,
1996), all letter strings are processed through the same parallel associative network of
sublexical phonological and orthographic units. Thus, within a connectionist
framework, it is not surprising that nonwords can also be processed in parallel.
However, within this type of models, serial reading processes are difficult to interpret.
The current results suggest that a model of the reading system should include initial
serial processing, as well as later parallel activation of phonology from print for all
letter strings. Importantly, for most readers, nonwords were found to be read through
the same parallel reading processes as words. Despite similar reading processes,
however, reading latencies for nonwords were consistently found to be longer than for
words. These findings might indicate that for both words and nonwords phonology is
activated in parallel, but that the computation of this phonological code is faster when
the code is known and stored in the phonological lexicon. To a large extent these
findings could be explained within the framework of more recent connectionist dual
process models (CDP+: Perry, Ziegler, & Zorzi, 2007; CDP++: Perry, Ziegler, & Zorzi,
2010). Similar to the DRC model, letter strings can be processed through a lexical and
a nonlexical route. Similar to connectionist models, however, within the nonlexical
route phonology is not activated serially, but in parallel. This distinction could explain
both the similarity in reading processes and the differences in processing times found
between words and nonwords. Phonology is activated in parallel for both types of
letter strings, but for words phonology can be retrieved from memory, whereas for
nonwords a new phonological code has to be assembled.
More difficult to explain within the context of these models, however, are the serial
reading processes that were found for beginning readers. Beginning readers seem to
activate phonological codes through serial grapheme-phoneme conversion. Within
CDP models (Perry et al., 2007, 2010), serial processes are confined to a graphemic
buffer. Graphemes in a letter string are serially connected to the onset, vowel, or coda
position. Subsequently, phonology is activated in parallel. In other words, serial
processes are ascribed to initial processing of letter identities and should no longer be
found when all the letters in a string can be connected to their position
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simultaneously. Serial activation of phonological codes does not fit with this model.
The current results might therefore suggest that an additional third route should be
added to the model, similar to the nonlexical route in the DRC model. Early on, this
route might be used to compute phonological codes for all letter strings through serial
activation of grapheme-phoneme relations. With increasing reading experience,
however, words can be stored in an orthographic lexicon by connecting the computed
phonological codes to entries in the already established phonological lexicon.
Simultaneously, readers might develop the associative network of orthographyphonology connections that allows parallel processing of nonwords. In time, the
proposed third route might come to be discarded in typically developing readers, or
only be used when highly atypical letter strings are read, such as very long words, or
unfamiliar letter strings that do not adhere to the orthographic or phonological
patterns of a language. Poor readers, in contrast, might continue to rely on this third
route as a result of difficulties in building an orthographic lexicon, or a network of
sublexical orthography-phonology connections.

CORRELATES OF READING
The second aim of the current dissertation was to examine visual attention span, but
also phonological awareness and rapid naming, as predictors of reading. Previous
studies focused mainly on the relations between these predictors and reading
outcomes. In the current studies, however, it was also examined how the predictors
relate to reading processes.
PHONOLOGICAL AWARENESS

Concerning phonological awareness, the results are completely in line with previous
studies that identified phonological awareness as one of the main predictors of literacy
skills across the board (e.g., Landerl & Wimmer, 2008; Moll, Fussenegger,
Willburger, & Landerl, 2009; Nikolopoulos et al., 2006; Verhagen, Aarnoutse, & van
Leeuwe, 2008, 2010). Phonological awareness was found to be a predictor of word
and nonword reading fluency, of both oral and silent reading, and of spelling
performance (Chapters 2, 3, and 4). Although these relations are sometimes found to
be stronger in less transparent orthographies (e.g., Ziegler et al., 2010), the current
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results add to a growing body of research indicating that substantial long-term
relations are also found in more transparent orthographies, when sufficiently difficult
measures are used to assess phonological awareness skills (Caravolas, Volín, &
Hulme, 2005; de Jong & van der Leij, 2003; Vaessen & Blomert, 2010).
The relation of phonological awareness with parameters of the reading system had
rarely been specified (see for an exception Hawelka & Wimmer, 2005). A specific
relation was found between phonological awareness and the length effect (Chapter 4).
Children with stronger phonological awareness skills were able to process more words
in parallel, and thus were found to be less sensitive to word length. Poorer
phonological awareness, in contrast, was associated with continued reliance on serial
reading processes. This relation could be interpreted within the framework of the selfteaching hypothesis. Children with poor phonological awareness likely lag behind in
the buildup of an orthographic lexicon, because they fail at successfully recoding new
letter strings, which is essential in establishing the orthographic representations that
foster fluent reading (Share, 1995). However, given the doubts casted on the
interpretation of length effects in terms of serial processes, the issue of how exactly
phonological awareness affects the way in which children read words requires further
research.
VISUAL ATTENTION SPAN

Recently, visual attention span has been put forward as a predictor of reading skills by
the research group of Valdois and colleagues (e.g., Valdois et al., 2003; Valdois,
Bosse, & Tainturier, 2004). Visual attention span has been shown to contribute to
reading performance in typically developing children (Bosse & Valdois, 2009), as
well as children with dyslexia (Bosse, Tainturier, & Valdois, 2007), learning to read
an opaque orthography (i.e., English or French). The contribution of visual attention
span was independent of phonological awareness (Bosse et al., 2007; Bosse &
Valdois, 2009; Valdois et al., 2003; Valdois et al., 2004). More specifically, visual
attention span was found to relate equally strongly to word and nonword reading. The
relation with regular words was found to decrease, whereas the relation with irregular
words remained stable across grades (Bosse & Valdois, 2009).
Based on these findings, visual attention span has been interpreted as the number of
orthographic units (e.g., letters, letter clusters or syllables) that can be processed
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simultaneously at a glance. Theoretically, visual attention span is grounded in the
Multiple-Trace Memory model (MTM; Ans, Carbonnel, & Valdois, 1998; Valdois et
al., 2004). Within this model, visual attention span, as a measure of the visual
attentional window, is essential in determining the efficiency of letter string
processing. To allow for parallel processing of words, the word needs to be
represented in the orthographic lexicon, but in addition, the visual attention span
needs to cover the entire word. A visual attention span that is too small to cover entire
words would lead to continued reliance on serial processing of sublexical units, and
thus to slower reading speed. The specific relation of visual attention span with
irregular words has been ascribed to the acquisition and establishment of orthographic
knowledge. A larger visual attention span fosters the acquisition of orthographic
knowledge, because all letters of a string need to be activated in parallel to establish
whole word representations (e.g., Ehri, 2005; Share, 1995). Orthographic knowledge,
in turn, is of specific importance in reading irregular words, more than regular words
or nonwords.
The current results indicate that visual attention span is indeed an important
independent predictor of reading fluency, also in a more transparent orthography
(Chapters 2, 3, and 4). Importantly, visual attention span explained variance over and
above phonological awareness, but also verbal short-term memory and rapid naming,
two important correlates of reading that were previously not controlled for. The visual
attention span task has been criticized for reflecting verbal short-term memory or
rapid naming skills due to its verbal stimuli (i.e., letters) and brief exposure time (see
Bosse & Valdois, 2009; Valdois et al., 2004). The current findings, however, support
the claims of Valdois and colleagues, that visual attention span reflects a skill that is
important in reading, over and above the aspects that might be shared with known
phonological correlates of reading performance.
Visual attention span was found to relate to overall reading speed, but also to the
length effect, reflecting the sensitivity to word length (Chapter 4). Keeping in mind
the objections to using length effects to establish reading processes, these results
appear to be in line with evidence from studies on eye movements (Hawelka &
Wimmer, 2005; Prado, Dubois, & Valdois, 2007), and support the specific relation
between visual attention span and reading processes as proposed within the
framework of the MTM model (Ans et al., 1998). A larger visual attention span
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indeed fosters parallel processing of words, whereas children with a smaller visual
attention span continue to rely on a serial processing strategy. Furthermore, the
relation of visual attention span with nonwords was found to be equal to the relation
with words (Chapters 2 and 4). Since nonwords cannot be represented in an
orthographic lexicon, this finding could indicate that visual attention span also relates
to variations in the size of the orthographic units that can be processed through the
serial analytic procedure. Children with a larger visual attention span might, for
example, be able to process letter clusters or syllables serially rather than single
letters.
Some of the current findings, however, are not fully in line with the work of Valdois
and colleagues. Bosse and Valdois (2009) found that the relation between visual
attention span and regular word reading decreased across grades. In contrast, the study
reported in Chapter 2 showed that for children learning to read Dutch, this relation
was stable across grades, if not increasing. Thus, perhaps especially in languages in
which the majority of the words is regular, the crucial aspect in the long-term relation
of visual attention span with reading fluency might not be the acquisition of
orthographic knowledge as suggested by Bosse and Valdois (2009). Rather, the key
aspect could to be the amount of orthographic information that can be processed
within a glance, irrespective of whether this information is mapped onto whole-word
phonology through the global route or to sublexical units in the analytic procedure.
It is still widely debated whether visual attention span concerns a purely visual skill
(e.g., Lobier, Zoubrinetzky, & Valdois, 2012; Valdois, Lassus-Sangosse, & Lobier,
2012) or actually reflects visual to phonological code mapping (e.g., Hawelka &
Wimmer, 2008; Ziegler, Pech-Georgel, Dufau, & Grainger, 2010). So far, the current
results were mainly in line with the first interpretation. The present finding of a
similar relation of visual attention span with oral and silent reading also appeared to
support this interpretation (Chapter 3). It has been argued that phonological
processing could be more extensive in oral as compared to silent reading (e.g., Juel &
Holmes, 1981; Share, 2008). If visual attention span would reflect verbal code
mapping, a stronger relation could have been expected with oral than with silent
reading. A similar relation with oral and silent reading would thus support an
interpretation of the task in terms of aspects that are equally important in both oral and
silent reading, such as visual processing of letter strings. However, in the same study,
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it was found that phonological awareness related equally strongly to both oral and
silent reading. This finding supports strong phonological theories of reading, which
state that activation of phonology is equally important in both oral and silent reading
modes (e.g., Frost, 1998; Perfetti & Hart, 2002). Consequently, an equally strong
relation of visual attention span with oral and silent reading does not necessarily
distinguish between the two interpretations of visual attention span.
What was found to be important in understanding the nature of visual attention span is
its relation with spelling performance. This effect had not been studied previously.
The current results indicated that visual attention span is a unique predictor of both
orthographic knowledge and spelling performance (Chapter 2). Similar to the effect of
visual attention span on reading exception words, the effect on spelling can be
explained through the acquisition of orthographic knowledge, which is called upon in
spelling tasks (Ans et al., 1998; Valdois et al., 2004). Orthographic knowledge is
acquired when a connection is established between a word’s orthographic and
phonological form, which often occurs during reading (Ehri, 2005; Share, 1995).
Accordingly, if the relation of visual attention span with spelling performance should
be ascribed to the acquisition of orthographic knowledge, the effect should be
mediated by orthographic knowledge and possibly reading fluency. However, the
relation of visual attention span with spelling performance remained significant after
controlling for both skills (Chapter 2).
To accommodate these findings, a slightly different interpretation of visual attention
span is called for. The specific relation with spelling is difficult to understand if visual
attention span is interpreted as parallel mainly visual processing of multiple
orthographic units. Fluent reading clearly benefits from parallel processing of multiple
elements, and this characteristic also seems to best distinguish the visual attention
span task from the phonological tasks included in the studies. In spelling tasks,
however, the input is a phonological rather than orthographic word form and
orthography needs to be activated accurately rather than quickly. An interpretation of
visual attention span purely in terms of verbal coding also seems unlikely, given that
the relations of visual attention span with both reading and spelling were independent
of, for example, verbal short-term memory and rapid naming, tasks which also clearly
require verbal coding. Nevertheless, the visual attention span task does include letters
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as stimuli. Therefore, phonology needs to be activated and is thus expected to play a
role in visual attention span performance.
Accordingly, an interpretation of visual attention span should probably incorporate
both multi-element and verbal coding aspects of the task. It is therefore proposed that
visual attention span reflects the strength of the connections between orthography and
phonology. Strong orthography-phonology connections would enable processing
multiple elements at the same time, which in turn fosters both reading and spelling
performance, when either orthographic units can be mapped simultaneously onto
phonological words forms, or the other way around, when phonological codes can
simultaneously be converted into a correct orthographic word form. Different from
the rapid naming task, where orthographic information remains available, and from
the phonological awareness task, where there is no constraint on processing time, the
visual attention span task seems to place the highest demands on orthographyphonology connections, because letters are presented only briefly, and need to be
reported verbally. Only if the letters automatically activate the associated
phonological codes within one glance, can the letters be reported correctly.
Taken together, the current studies have shown that visual attention span is an
important predictor of reading fluency in Dutch. The relation was equally strong for
both word and nonword reading fluency, and for both oral and silent reading
performance. These results can be interpreted within the MTM model (Ans et al.,
1998), and indicate that a larger visual attention span fosters parallel processing of
multiple orthographic units, which are simultaneously mapped onto whole-word
phonology, or onto sublexical phonological codes. However, visual attention span was
also found to be a unique predictor of spelling performance. These results call for a
slightly different interpretation of visual attention span in terms of the quality of
orthography-phonology connections. If connections are strong, orthographic codes
can be processed in parallel to activate phonological codes, which fosters reading
fluency, but phonological codes can also be mapped in parallel onto orthographic
representations, needed when one is asked to spell a word.
Similar to the DRC model (e.g., Coltheart et al., 2001), the MTM model (Ans et al.,
1998) assumes that nonwords always require serial processing. Therefore, the current
results of similar parallel reading processes for both words and nonwords, cannot be
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explained within the MTM framework. The results on visual attention span can be
interpreted within the alternative model as proposed in the previous section. A large
visual attention span could promote parallel processing of both words and nonwords
by enabling parallel activation of phonology from print either through lexical
representations or through the network of sublexical orthography-phonology
connections. If the visual attention span is too small to cover entire letter strings,
identification needs to proceed through the proposed third route, through serial
grapheme-phoneme conversion.
RAPID NAMING

Rapid naming has been shown to be an important phonological skill predicting
reading performance independent of phonological awareness (e.g., de Jong & van der
Leij, 2003; Landerl & Wimmer, 2008; Moll et al., 2009; Torgesen, Wagner, Rashotte,
Burgess, & Hecht, 1997; Vaessen & Blomert, 2010; Wolf & Bowers, 1999; Wolf et
al., 2002; Ziegler et al., 2010). In more transparent orthographies, rapid naming has
even emerged as the strongest predictor of reading fluency (de Jong & van der Leij,
2002; Landerl & Wimmer, 2008; Moll et al., 2009; Vaessen & Blomert, 2010). The
current results are completely in line with these findings. In children learning to read
Dutch rapid naming was found to be the strongest predictor of reading fluency,
independent of phonological awareness (Chapters 2, 3, and 4).

Although it is

generally accepted that rapid naming skills relate strongly to reading abilities, the
exact nature of the relation is still widely debated (see Kirby, Georgiou, Martinussen,
& Parilla, 2010, for a review). Several findings of the current studies add to this
ongoing debate.
Interestingly, rapid naming related equally strongly to both word and nonword
reading fluency (Chapters 2, 4, and 6). This indicates that rapid naming is related to
an aspect of reading that is shared in the processing of all letter strings, irrespective of
the lexical status of the string (see also Georgiou, Papadopoulos, Fella, & Parilla,
2012; Moll et al., 2009). The relation of rapid naming with spelling performance has
been less clear. Some studies have shown a unique contribution to spelling (Savage,
Pillay, & Melidona, 2008; Sunseth & Bowers, 2002; Verhagen et al., 2010), whereas
others have indicated that rapid naming did not contribute to spelling performance
over and above phonological awareness (Cornwall, 1992; Landerl & Wimmer, 2008).
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The current findings indicate that rapid naming has no unique contribution to spelling
performance (Chapter 2). Together, the relation of rapid naming with nonword
reading, and the absence of a relation with spelling performance indicate that rapid
naming likely does not reflect the learning of orthographic codes, as suggested by
Bowers (1995), among others.
In addition, a difference was found in the relation of rapid naming with oral and silent
reading. Rapid naming related more strongly to oral than to silent reading (Chapter 3).
Since phonological awareness related equally strongly to both reading modes, the
difference should probably not be ascribed to phonological processes playing a larger
role in oral than in silent reading. Previously, the stronger relation of rapid naming
with oral reading has been interpreted as evidence for the importance of oral
production in the relation of rapid naming with reading (Georgiou, Parrila, Cui, &
Papadopoulos, 2013). Both rapid naming and oral reading, but not silent reading,
require articulation, or the production of verbal output. The current findings support
this interpretation, which is also in line with models of speech production (e.g.,
Levelt, 1992). In these models, a distinction is made between lexical selection, and
phonological encoding. Whereas phonological representations might be activated in
both silent and oral reading, computation and articulation of a verbal code is specific
to oral reading.
Together, the current findings indicate that rapid naming reflects an aspect of reading
that is shared in the processing of all letter strings, irrespective of length or lexicality,
but that is more important in oral than in silent reading, and is not important in
spelling. However, it was also found in the current studies that it is important to take
into account the format of both rapid naming and reading tasks (Chapter 6). The
results described so far concerned serial rapid naming. This can be considered the
standard version of the task, as is it used in the majority of studies. Although serial
rapid naming appears to be a strong predictor of reading performance, the task has
been criticized for being too similar to reading tasks to be a true predictor of reading
performance, such that ‘the seemingly simple task of naming a series of familiar items
as quickly as possible appears to invoke a microcosm of the later developing, more
elaborated reading circuit’ (Norton & Wolf, 2012, p. 429). In other words, it has been
suggested that the relation between rapid naming and reading performance is
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overestimated since the relation should be ascribed solely to similar task demands,
such as the left-to-right and downward reading direction.
In support of this idea it has been found that serial rapid naming is a stronger predictor
of reading outcomes than discrete naming (Wolf & Bowers, 1999). The current
results, however, indicate that the relation of rapid naming with reading depends on
the format of both the rapid naming and the reading task. The results support the
conclusions of de Jong (2011). Serial naming is the stronger predictor of performance
on a serial reading task, but discrete naming was the stronger correlate of single word
reading. Unlike Logan and Schatschneider (in press), who found that discrete naming
did not predict reading performance over and above serial naming, the current results
show that when discrete word reading is considered, discrete naming is a stronger
predictor than serial naming.
It should be noted, however, that most reading tasks are of a serial, rather than
discrete nature. In addition, it has been shown that serial naming is of specific
importance in distinguishing between poor and average readers. Although poor
readers were slower than typical readers in naming single items, the most important
difference is that typically developing readers showed a clear advantage of naming
items in a serial over a discrete format, whereas the opposite is true for children and
adults with dyslexia (Jones, Branigan, & Kelly, 2009; Zoccolotti et al., 2013). For
them, naming or reading in a serial format resulted in similar or slower naming
latencies than discrete naming of single items.
The question remains, however, what kind of processes are measured with a serial
naming task. Protopapas, Altani, and Georgiou (2013b) showed that the relation with
reading should not be ascribed merely to the left-to-right and downward reading
direction, since a backward version of the rapid naming task, in which the reading
direction was right-to-left and upward, correlated equally strongly with reading. In
addition, in the current studies, a relation was found between serial naming and single
word and nonword reading, for which the influence of a reading direction would be
small if present at all. However, the relation between serial naming and single word
reading was found to be especially important in young beginning readers (Chapter 6).
These readers do not activate phonological codes for single words in parallel, but
rather rely on a serial sublexical reading strategy. Serial naming thus seems to capture
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the intraword serial processes found in beginning readers. Similarly, rapid naming has
been shown to be a specific predictor of reading performance in readers with dyslexia
(e.g., Wolf & Bowers, 1999). These poor readers experience difficulties especially in
decoding single words such that they process single items serially rather than in
parallel. Furthermore, this impairment at the word level could produce the severe
difficulty of poor readers in dealing with multiple items as shown by Jones et al.
(2009) and Zoccolotti et al. (2013), as well as in dealing with the multiple task
requirements intrinsic to reading (see de Luca, Pontillo, Primativo, Spinelli, &
Zoccolotti, 2013). Typically developing readers, however, seem able to process single
words in parallel relatively early, since the majority of children in Grade 2 was
already able to process words in parallel (Chapter 6). Accordingly, serial naming no
longer contributed to single word reading. In contrast, serial naming does continue to
relate to performance on a serial reading task (e.g., de Jong, 2011). To explain this
relation Protopapas et al. (2013a), suggest that serial rapid naming relates mainly to
interword serial processes, and that a shift occurs from separately processing
individual items, toward processing multiple items simultaneously. Taken together,
these findings suggest that rapid naming relates to both intraword and interword serial
processes. In beginning readers, who do not yet process single words in parallel,
individual differences would be found at both levels of serial processing. With
increasing reading experience, however, phonological codes for single items can be
activated in parallel and individual differences on a serial reading task might become
more strongly related to interword serial processes in terms of the number of items,
rather than the number of letters, that can be processed in parallel.
The relation between serial naming and the reading process was also examined in
Chapter 4. It was found that rapid naming, different from phonological awareness and
visual attention span, related to individual differences in overall reading speed, but not
the length effect. In other words, in that study, rapid naming did not relate to the
degree of intraword serial processing in words and nonwords. This finding is difficult
to interpret. On the one hand, the majority of the second grade children included in the
study probably processed the words in parallel (as shown in Chapter 6). On the other
hand, significant length effects were found at the group level (Chapter 4). These
findings could challenge the suggestion of a relation between serial naming and
intraword serial processes. Alternatively, these findings could reflect the fact that
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length effects might not be a reliable method to infer reading processes. Further
research is needed to sort out this issue.
Taken together, rapid naming was shown to relate to both word and nonword reading
at both the intra- and interword level. In addition, rapid naming related to oral more
than to silent reading, and did not relate to spelling performance. Accordingly, rapid
naming might reflect the ability to access or compute a phonological representation
and the corresponding verbal output. Whereas phonological representations might be
activated in both silent and oral reading, computation of verbal output is specific to
oral reading. Moreover, verbal output is required in both word and nonword reading,
but not in spelling.
Unlike visual attention span, rapid naming has not been tied to a specific model of the
reading system. Rapid naming could be expected to play a role mainly in the
phonological aspects of the reading process. In terms of the proposed triple route
model, rapid naming could relate to the access to phonological codes and computation
of verbal output, common to all three routes. In other words, rapid naming might
reflect how quickly phonological codes and verbal output can be retrieved from the
lexicon, or computed through the network of sublexical orthography-phonology
connections, or serial grapheme-phoneme conversion. Although this interpretation is
highly speculative, it has recently been shown that the degree of automaticity in
translating visual input to phonological codes is critical in understanding poor reading
performance, in addition to phonological processing per se (see Pan, Yan, Laubrock,
Shu, & Kliegl, 2013).

PRACTICAL IMPLICATIONS AND FUTURE DIRECTIONS
Taken together, phonological awareness, but especially rapid naming and visual
attention span were found to be independent predictors of reading fluency in a more
transparent orthography. Not only were the effects found to be independent, the
cognitive skills were also shown to have a different relation with reading
performance, reading processes and spelling. Rapid naming was proposed to reflect
mainly the access to phonological codes and the computation of verbal output. Visual
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attention span appeared to reflect the quality of the orthography-phonology relations
in terms of the amount of information that could be processed simultaneously.
These current results hold some practical implications for the assessment of reading
abilities, most importantly for diagnosing dyslexia. It is common practice to assess
(mostly oral) reading, spelling, phonological awareness and rapid naming. However,
concerning rapid naming, results indicate that this skill is only related to reading, not
to spelling. More specifically, rapid naming is the strongest predictor of oral reading,
but its relation with the more dominant silent reading mode is much weaker.
Phonological awareness, in contrast, was found to relate to both reading and spelling.
Moreover, the relation with both oral and silent reading was the same. Interestingly,
the same was found for visual attention span. In other words, phonological awareness
and visual attention span seem to be two independent predictors of literacy skills that
together could provide useful information in the diagnosis of dyslexia. Rapid naming,
in contrast, seems to be a strong predictor of oral reading skills, but provides less
information when silent reading or spelling skills are examined.
In the current studies, word reading in children was examined with a specific focus on
reading processes. A few topics clearly deserve further research. It was shown that a
gradual shift occurs from serial toward parallel activation of phonology from print.
This development in reading processes, however, cannot be captured in existing
models of the reading system. A new model of reading processes is thus called for.
Furthermore, serial processes seem to be of specific importance in explaining the
relation between rapid naming and reading. The nature of this particularly strong
relation is still widely debated. Both tasks clearly require serial processes. An
important similarity in serial processes across tasks is the need to activate multiple
items, either one-by-one or simultaneously. There are, however, also important
differences across tasks. In a rapid naming task, the previous item needs to be
deactivated or even inhibited to foster processing of the current item. In contrast,
reading is most successful when the items that have been serially identified (i.e.,
letters in a word, or words in text) remain active in memory while processing the
current item. Finally, the relation between serial processing in reading and visual
attention span is poorly understood. Visual attention span seems to relate to the
amount of information that can be processed in parallel, such that a large visual
attention span is needed to allow parallel processing of entire words. Less clear,
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however, is the relation between a smaller visual attention span and serial processing
of sublexical units. A small visual attention span restricts letter string identification to
the analytic procedure. Within the analytic procedure, however, it is proposed that
sublexical units can vary from single letters, to letter clusters or syllables. However, at
what point children move, for instance, from letter-by-letter to syllable-by-syllable
processing, and how this transition might be affected by visual attention span is still
unknown.
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Summary
Being able to read is very important in our literate society. Many studies, therefore,
have examined children’s reading skills to improve our understanding of reading
development. In general, there have been two types of studies. On the one hand, there
is a line of research that focuses on the development of the reading system. According
to prominent theories of reading development, there is a gradual shift in the reading
processes underlying word identification from initial serial reading strategies, such as
sounding out letters one-by-one, toward the ability to process letters in parallel and
retrieve whole word pronunciations from memory. On the other hand, there are
studies that examined cognitive skills that foster reading performance. Phonological
skills, more specifically phonological awareness and rapid naming, for example, have
been shown to be important predictors of reading development. The majority of these
studies, however, focused on the relation of cognitive skills with the outcome of the
reading system in terms of reading speed or accuracy. Surprisingly few studies have
focused on the relations with the processes underlying word identification. The
studies in the current dissertation were aimed at bridging the gap between studies that
focused on the development of reading processes, and studies that examined cognitive
skills that foster reading development.
Visual attention span appears to be an interesting predictor of reading abilities in this
respect, because different from phonological skills, it has been explicitly linked to
reading processes. Evidence for the relation of visual attention span, that is the
amount of orthographic information that can be processed in parallel, with reading
performance, however, mainly comes from one research group that studied children
learning to read opaque orthographies (i.e., French and English). In the current studies
it was first examined whether visual attention span is an independent predictor of
reading fluency in a more transparent orthography. Next, the focus shifted toward
reading processes and it was examined how visual attention span, as well as
phonological skills, related to parameters of the reading system. This study led to the
broader question of how reading processes can and should be studied. Two methods
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were examined that have been proposed to identify the processes underlying word, as
well as nonword identification.
In the first study, the relevance of visual attention span to reading skills in a more
transparent orthography was examined (Chapter 2). Visual attention span was found
to be a predictor of reading fluency in beginning as well as more advanced readers.
Two unresolved issues concerning visual attention span were addressed, that is its
independence of rapid naming and its relation with spelling performance. The relation
between visual attention span and reading fluency was shown to be independent of
rapid naming, in addition to the previously established independence of phonological
awareness. Furthermore, a unique relation was also found with orthographic
knowledge and spelling performance. These results indicate that visual attention span
indeed is an important predictor of literacy skills, also in a more transparent
orthography. However, the results also called for a slightly different interpretation of
visual attention span.
Further insight into the nature of the relation of visual attention span, but also
phonological awareness and rapid naming, with reading performance was gained in
the second study that focused on oral and silent reading (Chapter 3). The subtle, but
significant difference found between the two reading modes is important in and of
itself, since insights gained through research on oral reading are often tacitly
generalized to the less studied, but actually more dominant silent reading mode. The
cognitive skills were found to correlate significantly with both oral and silent reading.
Visual attention span related equally strongly to both reading modes, and the same
was found for phonological awareness. Rapid naming, however, related more strongly
to oral than to silent reading, suggesting that verbal output is important in
understanding the nature of rapid naming.
In the other three studies, the focus shifted to the processes underlying word and
nonword identification. In the third study the relations of visual attention span,
phonological awareness, and rapid naming with reading processes, rather than reading
outcomes were examined (Chapter 4). Length effects were taken as indicators of
underlying reading processes and were decomposed into an overall speed factor and
the degree of serial processing. For both word and nonword reading, visual attention
span and phonological awareness were shown to have a specific relation with serial
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reading processes. Rapid naming, in contrast, was found to relate only to overall
reading speed.
The fourth study aimed to examine length effects in more detail (Chapter 5). Length
effects are expected when reading processes are known to be serial. When words are
decoded, it follows that reading latencies increase with every additional letter. The
reverse, however, that is inferring that the underlying reading process was serial when
a length effect is found, is more problematic. To establish the reliability of using
length effects to infer underlying reading process, independent evidence for the serial
nature of the reading process is called for. In this study, length effects were found in
children’s lexical decisions, while independent evidence from both neighborhood size
and articulatory suppression indicated that items were processed in parallel. These
results question the reliability of using length effects to study reading processes.
Therefore, an alternative method to identify reading processes was examined in the
fifth and final study (Chapter 6). If a word is processed in parallel, a high correlation
is expected between reading a word and naming a single digit, because in both tasks a
phonological code is retrieved from memory. If, however, a word is processed
serially, a stronger relation is expected with a serial naming task, presenting multiple
digits in a row. It was found that the relations of reading with serial and discrete digit
naming could be used to sort children into two classes of readers, that is children who
relied on predominantly serial or mainly parallel reading processes. Surprisingly, two
classes were identified for both word and nonword reading fluency. The results
indicated that a developmental shift seems to occur from processing all letter strings
serially, toward parallel activation of phonology from print first for words, and later
on also for nonwords.
The findings of the current studies have important implications for our understanding
of the nature of the relations of visual attention span and rapid naming with reading.
Furthermore, the results do not fit with current models of reading processes and thus
call for a new model of the reading system. These issues, as well as practical
implications and suggestions for further research are discussed in Chapter 7.
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Samenvatting
Leesvaardigheid is van groot belang in onze geletterde maatschappij. In veel
wetenschappelijke studies zijn dan ook de leesprestaties van kinderen onderzocht, om
zo onze kennis over de leesontwikkeling te vergroten. Over het algemeen zijn er twee
typen studies. Aan de ene kant hebben studies zich gericht op de ontwikkeling van het
leessysteem. Volgens prominente theorieën over leesontwikkeling is er een graduele
overgang in de leesprocessen die leiden tot woordherkenning; van aanvankelijke
seriële leesprocessen, zoals het letter-voor-letter verklanken, naar het parallel
verwerken van letters en het uit het geheugen ophalen van de uitspraak van een
woord. Aan de andere kant zijn er studies die zich gericht hebben op cognitieve
vaardigheden die leesprestaties bevorderen. Zo werd bijvoorbeeld aangetoond dat
fonologische vaardigheden, in het bijzonder fonologisch bewustzijn en snelbenoemen,
leesuitkomsten kunnen voorspellen. Het merendeel van deze studies heeft zich echter
gericht op de relatie van deze cognitieve vaardigheden met het eindproduct van het
leessysteem, namelijk de leessnelheid en accuratesse. Verrassend weinig studies
hebben de relatie onderzocht met de onderliggende leesprocessen die leiden tot
woordherkenning. De studies in de huidige dissertatie waren erop gericht een brug te
slaan tussen studies die zich richtten op de ontwikkeling van leesprocessen enerzijds
en studies die cognitieve vaardigheden onderzochten anderzijds.
Visuele aandachtsspanne lijkt in dit opzicht een interessante voorspeller van
leesvaardigheid, omdat deze variabele in tegenstelling tot fonologische vaardigheden,
expliciet gekoppeld is aan leesprocessen. Evidentie voor deze relatie van visuele
aandachtsspanne, dat wil zeggen de hoeveelheid orthografische informatie die in één
oogopslag kan worden verwerkt, met leesprocessen komt echter van slechts één
onderzoeksgroep, die kinderen onderzocht die leerden lezen in een niet-transparante
orthografie, zoals het Frans of het Engels. In de huidige studies werd eerst onderzocht
of
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leesvloeiendheid in een meer transparante orthografie. Daarna lag de focus op
leesprocessen en is bekeken hoe visuele aandachtsspanne, evenals fonologische
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vaardigheden, relateerde aan parameters van het leessysteem. Deze studie riep de
meer algemene vraag op hoe leesprocessen onderzocht kunnen en zouden moeten
worden. Twee methoden werden bestudeerd die gebruikt kunnen worden om
leesprocessen die leiden tot herkenning van zowel woorden als nonwoorden te
identificeren.
In de eerste studie is de relevantie van visuele aandachtsspanne als voorspeller van
leesvaardigheid in een meer transparante orthografie onderzocht (Hoofdstuk 2).
Visuele aandachtsspanne bleek een voorspeller van leesvloeiendheid voor zowel
beginnende als meer gevorderde lezers. Twee nog onopgeloste kwesties aangaande
visuele aandachtsspanne werden bekeken, namelijk de onafhankelijkheid van
snelbenoemen en de relatie met spellingvaardigheden. De relatie tussen visuele
aandachtsspanne en leesvloeiendheid bleek onafhankelijk van snelbenoemen,
bovenop de eerder aangetoonde onafhankelijkheid van fonologisch bewustzijn.
Bovendien werd een unieke relatie gevonden van visuele aandachtsspanne met
orthografische kennis en spellingprestaties. Deze resultaten wijzen erop dat visuele
aandachtsspanne inderdaad een belangrijke voorspeller is van geletterdheid, ook in
een meer transparante orthografie. Echter, de resultaten vroegen ook om een iets
andere interpretatie van visuele aandachtsspanne.
Verder inzicht in de aard van de relatie van visuele aandachtsspanne, maar ook
fonologisch bewustzijn en snelbenoemen, met leesprestaties werd verkregen in de
tweede studie, die gericht was op stil en hardop lezen (Hoofdstuk 3). Het subtiele,
maar significante, verschil tussen de beide manieren van lezen is op zich een
belangrijk resultaat, aangezien inzichten verkregen uit onderzoek naar hardop lezen
vaak generaliseerd worden naar het minder bestudeerde, maar eigenlijk meer
voorkomende stil lezen. De cognitieve vaardigheden bleken significant te correleren
met zowel stil als hardop lezen. Visuele aandachtsspanne en fonologisch bewustzijn
correleerden even sterk met beide manieren van lezen. Snelbenoemen, correleerde
echter sterker met hardop dan met stil lezen, wat aangeeft dat verbale output een
belangrijke component is van snelbenoemen.
In de andere drie studies lag de focus op de onderliggende leesprocessen die leiden tot
woord en nonwoord herkenning. In de derde studie werden de relaties onderzocht van
visuele aandachtsspanne, fonologisch bewustzijn en snelbenoemen met leesprocessen,
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in plaats van leesuitkomsten (Hoofdstuk 4). Lengte-effecten werden bestudeerd als
indicatoren van onderliggende leesprocessen. Deze lengte-effecten werden opgedeeld
in de factoren algemene snelheid en mate van seriële verwerking. Voor het lezen van
zowel woorden als nonwoorden, bleken visuele aandachtsspanne en fonologisch
bewustzijn een specifieke relatie te hebben met de mate van seriële verwerking.
Snelbenoemen daarentegen voorspelde alleen algemene leessnelheid.
De vierde studie was erop gericht lengte-effecten nader te onderzoeken (Hoofdstuk 5).
Lengte-effecten worden verwacht wanneer het onderliggende leesproces serieel van
aard is. Wanneer woorden verklankt worden, is het aannemelijk dat de leestijd
toeneemt met elke extra letter in een woord. Het omgekeerde, dat wil zeggen
aannemen dat het leesproces serieel is wanneer een lengte-effect gevonden wordt, is
echter meer problematisch. Om vast te stellen of lengte-effecten het onderliggende
leesproces betrouwbaar weergeven, is onafhankelijke evidentie nodig met betrekking
tot de seriële aard van het proces. In deze studie werden lengte-effecten gevonden in
de lexicale decisies van kinderen, terwijl onafhankelijke evidentie van zowel het
effect van buurwoorden als articulatorische suppressie aantoonde dat items parallel
werden verwerkt. Deze resultaten trekken de betrouwbaarheid van het gebruik van
lengte-effecten om leesprocessen te identificeren in twijfel.
Om die reden werd in de vijfde en laatste studie een alternatieve methode bestudeerd
om leesprocessen te identificeren (Hoofdstuk 6). Als een woord parallel verwerkt
wordt, is een hoge correlatie te verwachten tussen het lezen van woorden en het
benoemen van losse cijfers, aangezien voor beide taken fonologische codes opgehaald
worden uit het geheugen. Als een woord echter serieel verwerkt wordt, wordt een
hogere correlatie verwacht met een seriële benoemtaak, waarin cijfers in rijen
gepresenteerd worden. De relatie van leesprestaties met het serieel dan wel discreet
benoemen van cijfers bleek een manier te zijn om kinderen in te delen in twee typen
lezers; kinderen die woorden vooral serieel of overwegend parallel verwerkten.
Verrassend was dat deze twee typen lezers werden gevonden voor het lezen van zowel
woorden als nonwoorden. De resultaten duidden op een ontwikkelingsproces waarin
aanvankelijk alle woorden serieel worden verwerkt en vervolgens fonologie parallel
wordt geactiveerd eerst voor woorden, en later ook voor nonwoorden.

161

SAMENVATTING

De bevindingen van de huidige studies hebben belangrijke implicaties voor ons begrip
van de aard van de relaties van visuele aandachtsspanne en snelbenoemen met
leesvaardigheid. Bovendien zijn de resultaten niet in overeenstemming met bestaande
modellen van het leessysteem. Deze kwesties, evenals praktische implicaties en
suggesties voor verder onderzoek worden besproken in Hoofdstuk 7.
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