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Abstract
Correlations between serial and discrete rapid automatized naming (RAN) and read-
ing can reveal intraword and interword reading processes. In this longitudinal study, 
we aimed to reveal how reading processes change across grades. A total of 181 chil-
dren (Mage = 7;11 years) learning to read Dutch completed serial and discrete RAN, 
and word and pseudoword reading tasks in Grade 2. They were retested in Grades 
3 (n = 153, Mage = 9;0 years) and 4 (n = 141, Mage = 10;2 years). For both words and 
pseudowords, intraword processes did not change over time. For words, we found 
two indications of increases in interword reading processes; a significant drop in 
the relation between serial and discrete reading between Grades 3 and 4, and an in-
crease in the partial correlation of serial RAN with serial reading between Grades 2 
and 3. We did not find systematic changes in interword processes for pseudowords. 
In all, these longitudinal findings support earlier cross-sectional findings indicating 
that children become more able over time to process multiple words simultaneously.

Keywords  RAN · Reading · Serial · Discrete · Intraword · Interword

Introduction

Fluent reading entails the accurate and rapid identification of series of words in 
lists or connected text (Altani et al., 2020; van Viersen et al., 2025). It is generally 
believed that the quick and effortless identification of individual words is an impor-
tant prerequisite to fluent reading (Kuhn et al., 2010). Changes in the recognition of 
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an individual word, from slow and effortful serial decoding, toward fast and effort-
less recognition of the specific word upon sight, are at the center of theories and 
models of reading (e.g. Coltheart et al., 2001; Ehri, 2005; Perry et al., 2007; Share, 
1995). Accordingly, the development of reading fluency is believed to result from an 
increase in the number of words that can be read by sight, meaning that the written 
form automatically activates its pronunciation and meaning (Ehri, 2005).

More recently, the focus has shifted from fluency in the identification of single 
words toward fluency in the identification of series of words (e.g. Altani et al., 2020; 
Protopapas et al., 2013; van Viersen et al., 2022). If each word in a series of words is 
processed sequentially, one after the other, reading fluency of single words and series 
of words would be quite similar. However, there are indications that when readers 
are presented with series of words, they become able to process multiple words at the 
same time, though in different stages of processing. When a series of words is pre-
sented the reader is focused on a specific word. However, during the identification of 
that particular target word, some visual features of upcoming words are already being 
processed at the same time, while the previous word might still be articulated. We use 
the term intraword processes to denote the processes underlying the recognition of an 
individual word, whereas the additional processes involved in the simultaneous pro-
cessing of multiple words are referred to as interword processes (see also van Altani 
et al., 2020; van Viersen et al., 2025).

Previous studies that have examined developmental changes in the underlying 
processes of fluent reading of both single words and series of words, have been cross-
sectional and have compared beginning to advanced readers (e.g. Altani et al., 2020; 
Georgiou et al., 2022; Protopapas et al., 2013; van Viersen et al., 2022, 2025, see for 
an the exception Romero et al., 2024a). In the current study, we aimed to examine 
whether changes in intraword and interword processes can also be identified within 
the same group of readers, across smaller time intervals. This longitudinal approach 
is essential to reach conclusions on developmental changes in the reading processes 
underlying fluent reading.

Developmental changes in intraword processes

Various indicators have been proposed to show that intraword reading processes 
change from slow serial decoding to fast recognition by sight, such as decreasing 
length effects in reading speed of individual words (e.g. Marinus & de Jong, 2010; 
Ziegler et al., 2003) or decreasing differences between the mean naming times for 
number symbols and number words (e.g. Ehri & Wilce, 1983). As an extension to 
the latter method, de Jong (2011) proposed that shifts in reading processes can be 
inferred from developmental changes in the correlations between word reading flu-
ency and rapid automatized naming (RAN). RAN is defined as the ability to quickly 
name a set of highly familiar visual symbols, such as colors and objects, but also 
letters and digits, and has been shown to be an important predictor of reading perfor-
mance, especially reading fluency (e.g. Araújo et al., 2015; Kirby et al., 2010). Most 
often, RAN is assessed in serial format, as a matrix of symbols that need to be named 
sequentially. Alternatively, RAN can also be measured in discrete format, presenting 
single symbols one by one. In discrete format, RAN reflects access to verbal codes 
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stored in memory (e.g. Bowers & Swanson, 1991). In serial format, RAN addition-
ally comprises the ability to provide these codes consecutively for series of items, 
which requires inhibiting preceding items, while at the same time processing the cur-
rent item and looking ahead to the next (Jones et al., 2008).

De Jong (2011) argued that changes in intraword reading processes can be revealed 
by changes in the relations of serial and discrete RAN with the reading of single 
words, as measured with a discrete reading task in which words are presented one 
by one, similar to a discrete RAN task. If a word in this discrete format is read by 
sight, the letters of the word are processed in parallel and the word’s pronunciation 
is immediately activated upon seeing its written form. Similarly, the presentation 
of a digit or letter in discrete RAN results in the immediate activation of its name 
(Ehri & Wilce, 1983). If in both discrete word reading and discrete RAN naming a 
unit (word or alphanumeric symbol) is automatically mapped onto a pronunciation, a 
high correlation is to be expected between discrete word reading and discrete RAN. 
However, words in a discrete word reading task can also be read through the process 
of serial decoding, by activating the sounds that correspond with the letters sequen-
tially, rather than in parallel. If words are identified through serial reading processes, 
a stronger relation could be expected with serial RAN; both the construction of a 
word’s phonology and the serial naming of symbols involve a serial process in which 
the names of alphanumeric symbols are consecutively activated.

Indeed, de Jong (2011) showed that for younger, beginning readers, reading of sin-
gle words correlated more strongly with serial than with discrete RAN. The opposite 
pattern was found for older, more advanced readers. For them, discrete word reading 
correlated more strongly with discrete than serial RAN. These findings have since 
been replicated in different languages, grades, and for different word types, including 
multisyllabic words (Altani et al., 2017, 2018; Georgiou et al., 2022, 2023; Proto-
papas et al., 2013; Romero et al., 2024a; van den Boer et al., 2016). Especially the 
finding of an increasingly stronger relationship between discrete reading and discrete 
RAN is therefore presumed to indicate a developmental change in intraword reading 
processes; from serial decoding to reading a word by sight.

When decoding develops into sight word reading, a second change is expected in 
the relation between reading of single words and series of words, or between read-
ing tasks in discrete and serial format. When words are read (mostly) through serial 
decoding, all resources are devoted to assembling the pronunciation of a particular 
word. Although a series of words might be presented, readers are expected to be 
focused on a single word. Therefore, both discrete and serial word reading mainly 
reflect serial processing of single words, and a substantial relation between both for-
mats of reading is to be expected. This changes when single words are read by sight. 
Then, discrete reading no longer includes serial processing, but serial reading tasks 
by definition require the serial processing of words. Even though the pronunciation 
of single words within the serial reading task is identified through parallel process-
ing, readers still need to serially identify all the words in the task. Consequently, 
when single words are read by sight, the correlation between the two formats of read-
ing will be lower than when single words are read through serial decoding. Indeed, 
studies in various languages have shown that reading of single words and series of 
words correlate strongly in young and/or poor readers, with correlations between 
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these reading formats of around .80 (e.g. Dutch: de Jong, 2011; English: Altani et al., 
2018; Greek: Protopapas et al., 2013). As reading development proceeds, correlations 
between discrete and serial reading of words drop to around .30 to .40.

Only two studies on the relations between serial and discrete RAN and reading 
have included pseudowords in addition to words (van den Boer & de Jong, 2015; 
van den Boer et al., 2016). Note that pronunciations of pseudowords, in contrast to 
words, are generally believed to be constructed through decoding, also by advanced 
readers (e.g. Coltheart et al., 2001; Ehri, 2005; Share, 1995). Interestingly, however, 
also for pseudowords, format-specific relations have been found between RAN and 
reading past the very early phase of learning to read, with stronger correlations of 
discrete reading with discrete RAN than with serial RAN (van den Boer & de Jong, 
2015). These findings would indicate that the written form of a pseudoword could 
also immediately activate its pronunciation, even though this pronunciation is not 
stored in memory as is the case for words (Ehri, 2005). However, a decrease in the 
correlation between discrete and serial reading of pseudowords from younger to 
older readers has not yet been found (van Viersen et al., 2025). Moreover, within the 
same group of readers, the correlation between discrete and serial reading seems to 
be stronger for pseudowords than for words (van den Boer et al., 2016). These initial 
findings for pseudowords seem to challenge theories and models of reading develop-
ment, but evidently more studies into changes in pseudoword reading processes are 
needed.

Developmental changes in interword processes

According to Protopapas and colleagues (2013), interword processes in the reading 
of series of words increasingly reflect cascaded processing. When series of words 
are processed in a cascaded manner, multiple words are processed simultaneously, 
though at different stages of word recognition; while the pronunciation of the current 
word is activated from memory, the previous word is being articulated, and the eyes 
have already moved to the next word. Cascaded processing is in line with studies on 
the eye-voice span, indicating that the eyes are typically a few words ahead of the 
word that is being articulated (e.g. Inhoff et al., 2011), more so in average-to-good 
readers than in readers with dyslexia (e.g. De Luca et al., 2013).

The development of cascaded processing is proposed to occur in all serial tasks, 
for RAN as well as reading. As items in a serial RAN task, for example digits, con-
cern single alphanumeric symbols, a pronunciation needs to be activated immedi-
ately from presentation of the symbol; serial decoding of an item is not possible. 
Because items in a RAN task are always recognized by sight, it seems likely that 
cascaded processing occurs sooner in serial RAN tasks than in serial reading tasks. 
Serial RAN, therefore, can be regarded as an indicator of the cascaded processing 
skills readers have yet mastered. Consequently, the relation between serial RAN and 
serial reading becomes indicative of the extent of cascaded processing present in the 
reading of series of words. However, for a proper interpretation of this relation, it is 
important to control for the ability to identify single words (Protopapas et al., 2013) 
to filter out potential intraword serial processes in single words, and obtain a purer 
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indication of the extent of cascaded processing between items or words from the rela-
tion between serial RAN and serial reading.

Following this rationale, Protopapas et al. (2013) have indeed shown that serial 
RAN performance explained variance in reading series of words after controlling for 
reading of single words, in advanced, but not in beginning readers. These findings 
have been replicated in different languages (Altani et al., 2017, 2018, 2020; Geor-
giou et al., 2022, 2023; van Viersen et al., 2025). Moreover, in a longitudinal study, 
Romero et al. (2024a) showed that changes in serial reading fluency from Grade 2 to 
Grade 5 are predicted by serial naming ability in Grade 2, as well as serial reading 
ability in Grade 2, but not by discrete reading ability in Grade 2. These studies have 
also shown that the extent of cascaded processing in reading differs not only between 
beginning and advanced readers, but also depends on the words that are included in 
the reading tasks. Within the same group of readers, words that are shorter and/or 
more frequent are more amenable to cascaded processing than words that are longer 
and/or less frequent (Georgiou et al., 2023; Protopapas et al., 2018, see also Romero 
et al., 2024b). In other words, the extent of cascaded processing depends on word 
difficulty as well as reading ability.

As readers become increasingly able to process multiple words at the same time in 
serial reading tasks, individual differences in serial reading fluency start to depend on 
the extent to which cascaded processing has been acquired, and less on the efficiency 
of single word identification. Therefore, it is expected that the relation with discrete 
measures of reading decreases. The relation between discrete and serial measures 
of reading can thus decrease as a consequence of changes in both intraword and 
interword reading processes. It is not yet clear whether the development of intra-
word reading processes precedes the development of interword reading processes, 
or whether these processes develop simultaneously. It seems likely, however, that 
readers who obtain access to pronunciation and meaning through letter-by-letter 
or syllable-by-syllable decoding are only able to focus on a single word at a time, 
regardless of whether single words or series of words are being presented. As a result, 
for these readers, discrete and serial reading tasks are alike, and correlate strongly. In 
contrast, when more words are read by sight, identifying single words requires less 
effort, allowing readers to focus on more than one word at a time. Interword pro-
cesses then start to determine the speed of reading series of words, but by definition, 
not of single words. Consequently, as reading development proceeds, the correlation 
between reading of single words and series of words is expected to decrease.

Present study

Evidence on the development of intraword and interword reading processes seems 
quite consistent, but should still be interpreted with caution as most studies were 
cross-sectional, and all previous studies have compared beginning to more advanced 
readers, without including consecutive grades (Altani et al., 2018, 2020; de Jong, 
2011; Georgiou et al., 2022; Protopapas et al., 2013, 2018; Romero et al., 2024a). 
With the current longitudinal study, we aimed to examine in more detail when and 
how changes in reading processes occur when the same group of readers is followed 
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over time from Grade 2 to Grade 4. In addition to discrete and serial RAN, we admin-
istered reading tasks with monosyllabic words, as well as pseudowords.

We first focused on intraword reading processes. An increasing reliance on sight 
word reading, rather than serial decoding, is expected to be reflected in (1) a decrease 
in the relation of serial RAN with discrete reading of single words, (2) an increase in 
the relation of discrete RAN with discrete reading of single words, and (3) a decrease 
in the relation between serial and discrete formats of reading. Based on previous stud-
ies, it can be expected that short, monosyllabic words are mainly read by sight from 
Grade 2 onwards (Altani et al., 2018; de Jong, 2011). Accordingly, we expect format-
specific relations between RAN and reading in all grades, with particularly strong 
correlations between discrete RAN and discrete reading of single words. However, 
it is possible that relations between RAN and reading become more format-specific 
over time, as more children become able to process more words by sight. Theo-
ries and models of reading stipulate that pseudowords would always be processed 
through serial decoding (e.g. Coltheart et al., 2001; Ehri, 2005; Share, 1995). In con-
trast, previous findings indicate that monosyllabic pseudowords can be processed 
in parallel (van den Boer & de Jong, 2015), although a larger contribution of serial 
processes has been found for pseudowords as compared to words (van den Boer et 
al., 2016). These initial findings should be tested longitudinally.

We also expected changes in interword processes, from processing words one-
by-one to an increasing extent of cascaded processing (Protopapas et al., 2013). This 
change would be reflected in (1) a decrease in the relation between serial and discrete 
formats of reading, and (2) a stronger partial correlation of serial RAN with serial 
reading, controlling for processes in discrete reading. It is not yet clear when during 
reading acquisition cascaded processing starts to occur and under what conditions. It 
seems evident that single words should be read by sight before series of words can be 
processed in a cascaded manner. However, it is largely unknown whether cascaded 
processing develops immediately upon achieving sight word reading, or later on in 
development, and whether this occurs for pseudowords as well as words. For words, 
we would expect that series of words are processed in a cascaded manner, as in 
the present study we included relatively short words that are expected to be mainly 
read by sight. For pseudowords, these questions have not yet been explicitly studied. 
Descriptive statistics from two previous studies indicate that the correlation between 
discrete and serial reading of pseudowords is stronger than for word reading (van den 
Boer et al., 2016; van Viersen et al., 2025), indicating no or less cascaded processing 
for pseudowords as compared to words. One study showed a significant contribution 
of serial RAN to serial reading of monosyllabic pseudowords (controlling for dis-
crete reading), in Grade 3, but not in Grade 5 (van Viersen et al., 2025). From these 
findings it is not yet clear how interword reading processes develop for pseudowords.
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Method

Participants

In second grade, a total of 183 children were recruited from five different schools in 
the Netherlands. Two children were unable to perform the tasks as intended, due to a 
visual impairment or severe learning difficulties, and were excluded from the study. 
The initial sample therefore included 181 children (45.9% girls, mean age 7;11 years, 
SD = 5.13 months), who all followed mainstream primary education and spoke Dutch 
at home. Eighteen children (9.9%) spoke a second language as well (12 different 
languages).

Of these participants, 147 children participated again in Grade 3. The majority of 
the drop out occurred because one school was unable to participate again (n = 24). 
Another 10 children were absent during testing, had changed schools, repeated Grade 
2, or did not obtain parental consent in Grade 3. Another 6 children were new to the 
study, because they transferred to the participating schools or repeated Grade 3. The 
total sample in Grade 3 thus consisted of 153 children (49.0% girls, mean age 9;0 
years, SD = 5.48 months), who all spoke Dutch at home. Eighteen children (11.8%) 
spoke a second language as well.

In Grade 4 we retested 137 children who were already in the study. Twenty-one 
children dropped out from Grade 3 to Grade 4, whereas five children who participated 
in Grade 2, but not Grade 3, reentered the study. Another 4 children were new to the 
study. In total, 141 children (48.9% girls, mean age 10;2 years, SD = 5.92 months) 
participated in Grade 4. From this sample, 21 children (14.9%) spoke another lan-
guage at home, besides Dutch. In total, 156 children participated in two or all three 
measurement occasions.

Measures

Tasks were administered targeting RAN and reading in both serial and discrete for-
mat. In addition to naming digits, children were asked to read monosyllabic words 
and pseudowords. The same tasks were presented at each measurement occasion. For 
each task we calculated fluency scores, reflecting the mean number of items named 
correctly per second, to account for potential trade offs between accuracy and speed. 
Separate accuracy and rate/latency scores are presented in the Appendix (Tables A1 
and A2). Accuracy is generally high. Hardly any errors are made on the RAN tasks, 
with average accuracy of 1.00 on both tasks in all grades. Average accuracy on word 
reading varies between .96 and .99 across tasks and grades, and for pseudoword read-
ing between .89 and .95. As a result, the fluency scores we used do not differ much 
from rate/latency scores.

Serial RAN

Five different digits (2, 4, 5, 7, 9) were presented eight times each on a computer 
screen in five rows of eight. Children were asked to name the 40 symbols as quickly 
and accurately as possible from left to right. Before they started, children were pre-
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sented with a single row of digits to ensure familiarity with the items (in Grade 2) 
and practice the task (in all grades). Total naming time was recorded in milliseconds 
from the moment the task was presented until the child named the last digit. Errors 
were coded manually by a research assistant. A fluency score was calculated by mul-
tiplying the number of items named per second (40/(naming time in seconds)) by the 
proportion of items named correctly ((40-errors)/40).

Discrete RAN

Five different digits (2, 4, 5, 7, 9) were presented eight times each, one by one, on a 
computer screen, for a total of 40 digits. Children were asked to name each digit as 
quickly and accurately as possible. A voice key registered the response time in ms 
from the moment the digit was presented until the onset of the response. A research 
assistant indicated whether each symbol was named correctly (scored 1), named 
incorrectly (scored 0), or whether the item was invalid (missing), for example when 
the voice key did not respond properly or the child was disturbed by somebody enter-
ing the room. A fluency score was calculated by multiplying the number of items 
named per second (1000/average naming time in ms of all valid items) by the propor-
tion of items named correctly.

Serial reading

Children were presented with monosyllabic words (e.g. raam window, vier four, boot 
boat) and monosyllabic pseudowords (e.g. baam, rier, voot). All items consisted of 
four letters. For words, two sets of 40 items were selected, matched on onset, word 
structure, and frequency (from a corpus of child literature; Schrooten & Vermeer, 
1994). Only words of relatively high frequency were selected (the 16% most frequent 
words). One set was presented in serial format, the other in discrete format, follow-
ing similar procedures as for RAN. Pseudowords were created by interchanging the 
first letter, final letter and/or rhymes of the words, while maintaining word structure.

The 40 items were divided in two sets of 20, matched on word onset and fre-
quency. Items were presented in four rows of five words each. A fluency score was 
calculated separately for each set and word type, by multiplying the number of items 
named per second (20/naming time in seconds) by the proportion of items named 
correctly ((20-errors)/20).

Discrete reading

All 40 words and pseudowords (see Serial reading) were presented on a computer 
screen one by one. Items were presented continuously, in random order, but scores 
were calculated separately for two sets of 20 items that were matched on onset and 
frequency. A fluency score was calculated separately for each set and word type, by 
multiplying the number of items named per second (1000/average naming time in ms 
of all valid items) by the proportion of items named correctly.
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Procedure

The study was conducted following the guidelines of the ethics committee of the Uni-
versity of Amsterdam. In conducting this study, we adhered to the Dutch academic 
standards of ethical guidelines (VSNU/KNAW, following ALLEA). In each grade, 
parents provided passive informed consent. As the tasks could be considered standard 
reading tasks, in line with the reading curriculum, parents received a letter explaining 
the goal and method of the study and responded if they did not want their child to 
participate. Children were free to accept or decline participation on each task/session.

The analyzed data was part of a larger longitudinal project running from 2014 to 
2016 (see also   de Jong & van den Boer, 2021; van den Boer & de Jong, 2018). The 
children were tested in the second semester of the school year. All tasks analyzed in 
the current study were administered individually in a fixed order: RAN, words, pseu-
dowords. For RAN, children started with serial naming, followed by discrete naming, 
whereas for reading discrete tasks preceded serial tasks. The total session, including 
tasks not reported in the current study, lasted between 30 and 45 min.

Data analysis

Structural equation models were fitted in Mplus version 8.8 (Muthén & Muthén, 
2022) using full information maximum likelihood estimation. As all reading mea-
sures consisted of two sets of words, latent factors that do not contain error variance, 
were fitted to the reading measures to correct for potential differences in reliability 
between task formats and grades. Model fit was evaluated with the chi-square statis-
tic of overall goodness of fit, the comparative fit index (CFI), the root mean square 
error of approximation (RMSEA), and the standardized root mean square residual 
(SRMR; Beauducel & Wittmann, 2005; Hu & Bentler, 1999). A CFI larger than .95 in 
combination with a SRMR below .08, and RMSEA below .06 indicate good approxi-
mate fit (Hu & Bentler, 1999).

We specified three different models, that were fitted separately for words and pseu-
dowords. The models for words are presented as an example in Fig. 1. With model 1a 
we examined intraword reading processes across grades. The model included three 
factors for each grade: serial RAN, discrete RAN and discrete reading. The serial 
and discrete RAN factors had one indicator, discrete reading had two (i.e. the scores 
for the two sets of words or pseudowords). With model 1b we examined whether the 
relation between discrete and serial reading changed across grades. To this end, the 
model included two factors for each grade: discrete reading and serial reading. Each 
factor had two indicators (i.e. reading scores for two sets of words or pseudowords). 
With model 1c we examined whether interword reading processes changed over 
time. In this model, serial reading was predicted by serial RAN, while controlling for 
discrete reading. Within each model we first tested for measurement invariance, by 
adding equality constraints on factor loadings and residual variances across grades, 
before comparing the interrelations between the latent factors.

Our main hypotheses concern changes over time in the correlations among vari-
ables. However, correlations, also between latent factors, are a function of their vari-
ance and covariance (Marsh & Hocevar, 1985). In longitudinal research there is no 
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reason to assume that the variance of variables remains stable over time. To be able to 
compare correlations only, we controlled for potential differences in variances across 
measurement occasions, by specifying phantom factors with RAN-variables or the 
first-order reading factors as single indicators (see Fig. 1). The variances of these 
phantom factors were fixed to 1, and the residual variances of the RAN-variables or 
the first-order reading factors were fixed to 0. Because the variances of these phan-
tom factors are equal, factor covariances become factor correlations, and can thus be 
compared directly. The factor loadings of the phantom factors represent the standard 
deviations of their indicators and are allowed to vary across grades. As the param-
eters of the phantom factors are completely constrained, model fit is not affected.

Phantom factors were also essential for the fixed-order regression analyses 
(Fig. 1c). In these models, both discrete reading and serial RAN load on the first phan-
tom factor, whereas only serial RAN loads on the second. The correlation between 
discrete reading and serial RAN is constrained to 0. As a result, the correlation of the 
second phantom factor with the dependent variable represents the partial correlation 
between serial RAN and serial reading, after controlling for discrete reading. The 
square of this partial correlation is the additional variance explained by serial RAN.

Fig. 1  Models. Note: Correlations between latent factors were included in the model, but are not de-
picted for clarity purposes
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Results

Descriptive statistics

Before running analyses, data were checked for missing values and outliers. Due to 
problems in task administration, some scores were missing. This concerned 1.21% 
of the data in Grade 2 (0–3.31% per task), 1.24% in Grade 3 (0.65–1.96% per task), 
and 0.21% in Grade 4 (0–0.71% per task). Scores more than three standard devia-
tions from the group mean were removed from the dataset. This concerned 7 scores 
in Grade 2 (0.39% of the data), 10 scores in Grade 3 (0.65%), and 6 scores in Grade 
4 (0.35%). All scores were normally distributed (kurtosis and skewness between -1 
and 1).

Descriptive statistics are presented in Table 1. For all measures we found increases 
in fluency over time, although generally larger from Grade 2 to 3 than from Grade 
3 to 4. In each grade, there is substantial variability in scores on all measures. Stan-
dard deviations decreased slightly over time, but not substantially, and not on all 
measures. As the research questions concern differences across time in correlations 

Fig. 1  (continued)

Table 1  Descriptive statistics per grade
Measure Grade 2 Grade 3 Grade 4

N M (SD) Range N M (SD) Range N M (SD) Range
RAN D 179 1.69 (0.26) 0.89–2.41 148 2.09 (0.30) 1.35–3.09 140 2.05 (0.28) 1.39–2.86
RAN S 180 1.56 (0.32) 0.77–2.55 150 1.85 (0.34) 0.85–2.71 141 2.01 (0.36) 1.12–3.01
Words
READ D 1 179 1.64 (0.35) 0.63–2.66 150 1.95 (0.34) 1.07–2.92 141 2.02 (0.28) 1.31–2.80
READ D 2 180 1.63 (0.38) 0.66–2.70 150 1.94 (0.34) 1.02–2.73 141 2.01 (0.27) 1.27–2.67
READ S 1 179 1.48 (0.44) 0.56–2.49 151 1.81 (0.40) 0.87–2.65 139 2.00 (0.36) 1.22–3.03
READ S 2 179 1.40 (0.47) 0.46–2.58 152 1.79 (0.42) 0.88–2.89 139 1.96 (0.39) 1.05–3.01
Pseudowords
READ D 1 178 1.24 (0.41) 0.30–2.42 150 1.55 (0.44) 0.55–2.64 141 1.56 (0.38) 0.57–2.46
READ D 2 177 1.23 (0.39) 0.29–2.16 150 1.56 (0.43) 0.46–2.67 141 1.57 (0.37) 0.69–2.45
READ S 1 176 0.81 (0.35) 0.22–1.83 151 1.07 (0.36) 0.39–2.07 138 1.19 (0.33) 0.52–2.24
READ S 2 174 0.71 (0.32) 0.03–1.48 149 0.93 (0.33) 0.23–1.78 140 1.02 (0.31) 0.38–1.88
All measures reflect items named/read correctly per second
READ, Reading; D, discrete format; S, serial format; 1, version 1; 2, version 2
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between RAN and reading tasks, and the means on discrete and serial tasks are not 
directly comparable, these means were not analyzed.

Correlations between the two versions of each reading task for each grade are pre-
sented in Table 2. These can be interpreted as an indication of reliability. Overall, the 
findings indicate good reliability for the reading measures, with lower, but still suf-
ficient estimates for serial word reading in Grades 3 and 4. By specifying latent vari-
ables, variations in reliability across tasks and grades are accounted for in the models.

Development of intraword processes

We examined correlations of serial RAN and discrete RAN with discrete word and 
pseudoword reading, to establish whether intraword processes are the same or dif-
ferent across grades. The relevant correlations of serial and discrete RAN with dis-
crete reading are presented in Table 2, the full correlation matrix is presented in the 
Appendix (Table A3). In all grades, the observed correlations of discrete RAN with 
discrete reading are higher than of serial RAN with discrete reading for both words 
and pseudowords. The correlation of discrete RAN with discrete word reading seems 
to increase slightly over time. No systematic changes are seen for pseudowords, nor 
for the relation of serial RAN with discrete measures of reading.

For words, the baseline model as presented in Fig. 1a, with factor loadings equal 
across grades, and residual variances equal within as well as between grades, pro-
vided an adequate fit to the data, χ2(35) = 42.233, p = .187, RMSEA = .033 [.000–.064], 
CFI = .995, SRMR = .093. The standardized factor loadings and residual variances of 
this model are included in the Appendix, Table A4. The correlation of serial RAN 
with discrete reading was relatively stable across grades (see Table 3 Model 1a). Con-

Table 2  Correlations per grade for words and Pseudowords
Correlation Words Pseudowords

Grade 2 Grade 3 Grade 4 Grade 2 Grade 3 Grade 4
Reliability
READ S 1–READ S 2 .876 .764 .724 .877 .863 .824
READ D 1–READ D 2 .908 .877 .878 .934 .889 .895
Serial and discrete RAN with discrete reading
RAN S–READ D 1 .364 .309 .406 .414 .304 .429
RAN S–READ D 2 .368 .333 .370 .418 .311 .456
RAN D–READ D 1 .587 .622 .679 .528 .547 .493
RAN D–READ D 2 .588 .670 .666 .504 .555 .545
Discrete reading with serial reading
READ D 1–READ S 1 .610 .572 .459 .732 .643 .688
READ D 1–READ S 2 .675 .623 .414 .741 .633 .760
READ D 2–READ S 2 .660 .586 .440 .721 .626 .788
READ D 2–READ S 1 .633 .512 .429 .741 .662 .706
Serial RAN with serial reading
RAN S–READ S 1 .398 .530 .494 .429 .561 .461
RAN S–READ S 2 .441 .565 .516 .432 .515 .591
All correlations are significant at p  <  .01
READ, reading; D, discrete format; S, ,serial format; 1, version 1; 2, version 2
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straining this correlation to be equal across grades resulted in an estimated correlation 
of .385, and was not associated with poorer model fit, Δχ2(2) = 0.993, p = .609. The 
correlation of discrete RAN with discrete reading increased slightly across grades 
(see Table 3 Model 1a). Constraining this correlation to be equal across grades, how-
ever, resulted in an estimated correlation of .683, and was not associated with poorer 
model fit, Δχ2(2) = 1.906, p = .386. Together, these findings indicate stable intraword 
reading processes over time, with more reading by sight than decoding.

The results for pseudowords were similar. The baseline model with measure-
ment invariance provided an adequate fit to the data, χ2(35) = 44.338, p = .134, 
RMSEA = .037 [.000–.068], CFI = .994, SRMR = .081. The standardized factor load-
ings and residual variances of this model are included in the Appendix, Table A4. The 
correlation of serial RAN with discrete reading was relatively stable across grades 
(see Table 3 Model 1a), and was found to be equal across grades with an estimated 
correlation of .420, Δχ2(2) = 4.222, p = .121. The same was true for the correlation of 
discrete RAN with discrete reading (see Table 3 Model 1a), which was estimated at 
.566, Δχ2(2) = 0.511, p = .775. Because these estimates are quite close, we addition-
ally tested an equality constraint on the correlations of serial RAN and discrete RAN 
with pseudoword reading. Constraining these correlations to be equal across grades 
resulted in significantly poorer model fit, Δχ2(1) = 7.997, p = .005, indicating that the 
correlation of pseudoword reading with discrete RAN was significantly higher than 
with serial RAN. Together, these findings indicate for monosyllabic pseudowords, 
similar to words, stable processes in intraword reading processes over time, with 
more reading by sight than decoding.

Correlations between serial and discrete reading

We examined the correlation between serial and discrete reading to establish the 
extent to which reading of single words and series of words were the same or differ-
ent across grades. A change in this correlation across time is expected as the result of 
changes in intraword and/or interword processes. The relevant correlations between 
serial and discrete formats of reading are presented in Table 2. The full correlation 
matrix for serial and discrete measures of reading is presented in the Appendix (Table 
A5). For words, the observed correlation between serial and discrete reading appears 

Table 3  Estimated Correlations in Models 1a and 1b, and Partial Correlations in Model 1c per Grade for 
Words and Pseudowords
Correlation Words Pseudowords

Grade 2 Grade 3 Grade 4 Grade 2 Grade 3 Grade 4
Model 1a
RAN S–READ D .408 .343 .406 .448 .332 .460
RAN D–READ D .661 .672 .729 .576 .570 .542
Model 1b
READ D–READ S .722 .701 .532 .815 .733 .842
Model 1c
RAN S–READ S .200 .406 .409 .128 .349 .225
All correlations are significant at p < .05
READ, Reading; D, discrete format; S, serial format
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similar in Grades 2 and 3, and lower in Grade 4. For pseudowords, the observed cor-
relation between reading formats appears relatively stable over time, or slightly lower 
in Grade 3, as compared to the other Grades.

For words, the baseline model as presented in Fig.  1b, provided an adequate 
fit to the data, χ2(51) = 74.392, p = .018, RMSEA = .049 [.021–.072], CFI = .987, 
SRMR = .037. In this model, factor loadings were equal across grades, and residual 
variances were equal within and across grades for discrete reading, but only within 
grades for serial reading. The standardized factor loadings and residual variances of 
this model are included in the Appendix, Table A6. Similar to the observed correla-
tions, the estimated correlation between serial and discrete reading was relatively 
stable from Grade 2 to Grade 3, but appeared lower in Grade 4 (see Table 3 Model 
1b). Constraining this correlation to be equal across all three grades indeed resulted 
in poorer model fit, Δχ2(2) = 8.139, p = .017. The correlation was found to be equal 
in Grades 2 and 3, Δχ2(1) = 0.140, p = .708, but not Grade 4. These findings indicate 
that discrete and serial reading diverge significantly more in Grade 4, compared to 
Grades 2 and 3.

The results for pseudowords were different. The baseline model with measure-
ment invariance provided an adequate fit to the data, χ2(53) = 74.531, p = .027, 
RMSEA = .046 [.016–.069], CFI = .991, SRMR = .019. The standardized factor load-
ings and residual variances of this model are included in the Appendix, Table A6. 
Whereas the correlation between serial and discrete reading was relatively stable 
across grades (see Table 3 Model 1b), it was not found to be equal across grades, 
Δχ2(2) = 6.867, p = .032. Pairwise comparisons indicated that the correlation was 
equal in Grades 2 and 4, Δχ2(1) = 0.507, p = .476, and also did not differ significantly 
for Grades 2 and 3, Δχ2(1) = 3.591, p = .058, but was significantly higher in Grade 4 
than in Grade 3, Δχ2(1) = 6.107, p = .013. These results do not show a clear pattern 
in the relation between reading single pseudowords and series of pseudowords over 
time; in all grades, the correlation between these reading formats is relatively high 
(r > .70).

Development of interword processes

The relevant correlations between serial RAN and serial reading are presented in 
Table 2. The full correlation matrix for serial RAN and serial reading is presented in 
the Appendix (Table A7, correlations between discrete and serial word reading can be 
found in Table A5). The observed correlation between serial RAN and serial reading 
appears lower in Grade 2 as compared to Grades 3 and 4 for both measures of word 
reading, and one of the two measures of pseudoword reading.

We examined the correlation between serial RAN and serial reading, after control-
ling for discrete reading, to establish the extent to which interword reading processes 
were the same or different across grades. For words, the baseline model as shown in 
Fig. 1c, including measurement invariance as tested in previous models, provided 
an adequate fit to the data χ2(71) = 89.784, p = .066, RMSEA = .037 [.000–.059], 
CFI = .991, SRMR = .036. The standardized factor loadings and residual variances of 
this model are included in the Appendix, Table A8. The partial correlation between 
serial RAN and serial reading appeared lower in Grade 2 than in Grades 3 and 4 (see 
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Table 3 Model 1c). Constraining this correlation to be equal across all three grades 
indeed resulted in poorer model fit, Δχ2(2) = 11.333, p = .003. The partial correlation 
was found to be equal in Grades 3 and 4, Δχ2(1) = 0.001, p = .975, but not in Grade 2. 
These findings indicate that interword processes are more prominent in serial word 
reading in Grades 3 and 4, compared to Grade 2.

The results for pseudowords were different. The baseline model as shown in 
Fig. 1c, including measurement invariance as tested in previous models, provided 
an adequate fit to the data χ2(73) = 100.629, p = .018, RMSEA = .045 [.019–.065], 
CFI = .989, SRMR = .028. The standardized factor loadings and residual variances of 
this model are included in the Appendix, Table A8. The partial correlation between 
serial RAN and serial reading appeared relatively low over time, but higher in Grade 
3 compared to Grades 2 and 4 (see Table 3 Model 1c). Constraining this correlation to 
be equal across all three grades resulted in poorer model fit, Δχ2(2) = 12.377, p = .002. 
Pairwise comparisons indicated that the partial correlation was equal in Grades 2 and 
4, Δχ2(1) = 2.155, p = .142, but was significantly higher in Grade 3 than in both Grades 
2, Δχ2(1) = 12.203, p < .001, and 4, Δχ2(1) = 3.997, p = .046. These results do not show 
a clear pattern in the contribution of serial RAN to serial reading of pseudowords.

Discussion

Fluent reading entails quick and accurate identification of single words, as well as 
the ability to process multiple words at the same time (e.g. Altani et al., 2020; Proto-
papas et al., 2013; van Viersen et al., 2022). Reading development is thus dependent 
on changes in both intraword and interword processes. With respect to intraword 
processes we assumed, following major theories of reading, that single words are 
increasingly recognized by sight instead of through serial decoding (e.g. Coltheart et 
al., 2001; Ehri, 2005; Share, 1995). In addition to this change in intraword process 
for single words, the reading of series of words will increasingly rely on cascaded 
processing (e.g. Protopapas et al., 2013). These presumed changes in intraword and 
interword processes were examined through relations of discrete and serial reading 
with discrete and serial naming of digits (e.g. de Jong, 2011; Protopapas et al., 2013). 
We studied these changes longitudinally by following a group of children from Grade 
2 until Grade 4. In addition to serial and discrete RAN and word reading, we also 
administered pseudoword reading tasks.

In particular, we hypothesized that a gradual change in intraword and interword 
processes would result in the following changes from Grade 2 to Grade 4: (1) a 
decrease in the relation between serial RAN and discrete reading, (2) an increase in 
the relation between discrete RAN and discrete reading, (3) a decrease in the rela-
tion between discrete and serial reading and (4) an increase in the partial correlation 
between serial RAN and serial reading, controlling for discrete reading. We regarded 
the first and the second hypothesis to indicate a change in intraword processing from 
serial decoding to reading by sight. Sight word reading would result in a strong cor-
relation between discrete RAN and discrete reading, whereas serial decoding would 
result in a relatively strong relation of discrete reading with serial RAN (e.g. de 
Jong, 2011). In contrast, the fourth hypothesis is regarded as a pure indicator of an 
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increase in interword cascaded processing, as intraword processes are controlled. The 
decrease in the relation between discrete and serial reading is expected from changes 
in both intraword and interword processes.

Development of intraword processes

Unexpectedly, we found that the relations of discrete and serial RAN with discrete 
word reading were stable from second to fourth grade. As argued in the introduc-
tion, serial RAN was expected to be similarly or even more strongly related to dis-
crete word reading than discrete RAN when words are identified through the process 
of serial decoding. As reading acquisition proceeds, stronger relations with discrete 
RAN (i.e. format-specific relations) would start to emerge, which can be taken to 
indicate that words are increasingly read by sight (de Jong et al., 2011; Georgiou et 
al., 2022; Protopapas et al., 2013; Romero et al., 2024a). The substantially stronger 
relation of discrete RAN than serial RAN with discrete word reading in the current 
study (.68 versus .39, respectively) suggests therefore that (most) words in the dis-
crete word reading task were read by sight from second grade onwards.

These results do not align with several cross-sectional findings in alphabetic 
orthographies, where an increase in the relation between discrete RAN and discrete 
reading was found from second to fifth or six grade (Protopapas et al., 2013; Romero 
et al., 2024a; van den Boer & de Jong, 2015). In these previous studies, the relation of 
discrete reading with discrete RAN in Grade 2 was similar to or even weaker than its 
correlation with serial RAN, whereas in later grades discrete reading correlated more 
strongly with discrete RAN than with serial RAN. In the current study, we found only 
the latter pattern; the relation of discrete reading with discrete RAN was consistently 
stronger than its relation with serial RAN. It is not evident why this was the case. 
One explanation could be that our study involved monosyllabic high-frequent words, 
whereas other studies included words of two or more syllables (e.g., Protopapas et 
al., 2013; Romero et al., 2024a). For these short high-frequent words changes in 
intraword processing could have occurred before the start of the current study (e.g., 
de Jong, 2011).

Development of interword processes

A change in interword processes concerns an increase in the extent of cascaded pro-
cessing, i.e. the simultaneous but staggered processing of multiple items. Such a 
change is expected to result in a decrease in the relation between discrete and serial 
reading as well as an increase in the partial correlation between serial RAN and serial 
reading, controlling for discrete reading. Note that, as argued in the introduction, a 
decrease in the former relation is also expected as a result of a change in intraword 
processes. However, as we did not observe a change in intraword processes in the 
current study, a decrease in the relation between both reading formats is most likely 
(mainly) due to an increase in cascaded processing.

As expected, we found that the correlation between discrete and serial reading of 
words changed over time. Although the correlations were found to decrease from 
Grade 2 to 4, only the correlation in Grade 4 was found to be significantly lower than 
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in Grades 2 and 3. The correlation was around .70 in earlier grades, but dropped to 
.53 in Grade 4. Such a drop is to be expected when cascaded processing becomes 
more important in serial reading, which therefore starts to differ more from discrete 
reading, in which there is no role for cascaded processing. A similar drop in the 
correlation between discrete and serial reading, instead of a more gradual decrease, 
was also reported in a cross-sectional study by Altani et al. (2020). In their study 
with Greek and English children a substantial decrease in the correlation between 
both reading formats was found between first and third grade whereas only a small 
decrease in the correlations was observed between third and fifth grade. Although 
little is known about the developmental course of cascaded processing, one might 
predict that cascaded processing increases continuously, given that reading fluency is 
known to develop gradually. These current and previous findings, however, suggest 
that this might not be the case.

The results on the partial correlation between serial RAN and serial reading, while 
controlling for discrete reading, provides further support for the hypothesis that chil-
dren become more able over time to process series of words in a cascaded manner 
(Protopapas et al., 2013). Again, however, we did not observe a gradual change as 
serial RAN contributed significantly more to serial reading in Grades 3 and 4, than 
in Grade 2. Moreover, the change in the partial correlation of serial RAN with serial 
reading did not coincide with the change in the relation between discrete and serial 
reading. The partial correlation changed between Grades 2 and 3, whereas the rela-
tion between discrete and serial reading did not drop until Grade 4. We would have 
expected these changes to occur simultaneously as both relations are believed to be 
sensitive to an increase in cascaded processing (e.g. Altani et al., 2020; Protopapas et 
al., 2013). Indeed, in the cross-sectional study by Altani et al. (2020) the decrease in 
the relation between discrete and serial reading aligned with the increase in the partial 
correlation between serial RAN and serial reading. We have no ready explanation for 
the different time courses of changes in these indicators of the use of cascaded pro-
cessing and it is not yet clear how robust the difference is. However, apart from the 
specific time course, both the drop in the relation between the two reading formats as 
well as the increase of the relation of serial RAN with serial reading is in accordance 
with the findings in cross-sectional studies and further support an increasingly impor-
tant role of cascaded processing in fluent word reading.

Pseudowords

Regarding intraword processes, we found for pseudowords, in line with a previous 
study and similar to words, format-specific relations between RAN and reading (van 
den Boer & de Jong, 2015), suggesting parallel activation of pronunciations of pseu-
dowords. However, the difference in correlations between discrete RAN and serial 
RAN with discrete pseudoword reading was smaller than for word reading. The over-
all correlation patterns suggest more parallel than serial processing of the pseudo-
words, although not as much parallel processing as in words.

This interpretation of (partly) parallel processing of pseudowords is inconsistent 
with theories of reading development, which postulate mainly serial processing of 
pseudowords (e.g. Coltheart et al., 2001; Ehri, 2005; Share, 1995). In our view, par-
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allel processing of pseudowords can be conceived as the parallel activation of a pro-
nunciation from print (de Jong & Molenaar, 2025; van den Boer & de Jong, 2015). 
Altani et al. (2018) argued in this respect, however, that it might be better to replace 
the binary distinction between serial and parallel processing of letter strings (words 
and pseudowords) by a more flexible sequential processing continuum, in which the 
amount of sequential (or parallel) processing is dependent on reader ability and word 
characteristics. In this perspective, some sequential processing might be present in 
some pseudowords, or used by some of the readers, but they are largely outweighed 
by parallel processes.

Regarding interword processes, we found, in contrast to our findings for words, no 
indications of cascaded processing in pseudowords. Estimates were variable across 
grades, but in general, the correlation between serial and discrete reading of pseu-
dowords was high across grades, and we found only a weak partial relation between 
serial reading and serial RAN after controlling for discrete reading. Surprisingly, this 
correlation with serial RAN was low in Grades 2 and 4, and significantly higher in 
Grade 3. In all, we found hardly any changes in reading processes for pseudowords 
from Grade 2 to Grade 4.

These findings suggest that the development of intraword processes does not lead 
to the development of interword processes in the case of pseudowords, as it seems 
to do for words. Single pseudowords were largely processed in parallel, but readers 
seemed not, or not yet, able to process more than a single pseudoword at a time. As 
pronunciations of pseudowords are not stored in memory, parallel processing must 
entail assembling a pronunciation through parallel activation of grapheme-phoneme 
connections. In contrast to words, in pseudowords there is no direct access to an 
existing phonological form (see Protopapas et al., 2018). Perhaps the process of 
generating a phonological code and assembling a pronunciation is still more taxing 
than retrieving a stored pronunciation from memory. Assembling a new phonological 
form likely requires additional buffering capacity of the phonological system. More-
over, parafoveal preview might not be as efficient for pseudowords as it is for familiar 
(short) words. Previews of upcoming pseudowords could potentially even interfere 
with processing the current pseudoword, as recently shown by Ziaka et al. (2025) for 
words, which makes it more efficient to process a single pseudoword at a time. In 
all, it might be hard to process more than a single pseudoword at a time. Interword 
processes might not occur at all, or might occur later for pseudowords as compared 
to words.

As assembling a phonological code is needed in reading tasks that contain pseudo-
words, but less so for words, and not at all for RAN, this might explain the relatively 
strong correlations between formats, as well as somewhat lower correlations with 
RAN, for pseudowords as compared to words. This idea is supported by findings 
on the eye-voice span. When reading series of words, the eyes are typically a few 
words ahead of the word that is being articulated (e.g. Inhoff et al., 2011), which 
is in line with the concept of cascaded processing. A study by Silva and colleagues 
(2016) indicated that in adults, the size of the eye-voice span is dependent on the 
length and familiarity of the items being read, with reduced eye-voice span for short 
pseudowords as compared to words. For longer pseudowords, there was no evidence 
of an eye-voice span at all, as the eyes seemed to remain on the item that was being 
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articulated. To our knowledge these effects have not yet been tested in children. Stud-
ies focusing on these questions and including measures of eye fixations could further 
enhance our understanding of the development of pseudoword reading.

Limitations

First, please note that the conclusions regarding the types of reading processes are 
based on the format specific relations of RAN and reading. This raises the question 
whether these format-specific relations do in fact adequately reveal intraword pro-
cesses in reading. Instead, format-specific correlations might mainly reflect exactly 
that: format-specific variance. As readers move beyond the initial stage of learning 
to read, variance in reading ability for short words or pseudowords might decrease. 
Consequently, variance in task-specific requirements might become more prominent 
in reading scores, as well as correlations between tasks. For several reasons, how-
ever, this seems unlikely. First, there is no indication that method variance in read-
ing performance substantially decreases over time, at least not within the current 
study. Second, the relation between RAN and reading, especially in discrete format, 
becomes very high in later grades (e.g. van den Boer et al., 2016). Correlations of 
around .80 seem rather unlikely as a result of task related aspects only. Moreover, 
there are rather large differences in the correlations within and across formats, which 
would imply a rather large amount of format-specific task variance, compared to, 
for example, content-related variance. And finally, when readers are clustered based 
on the absence or presence of format-specific relations between RAN and reading, 
differences in reading processes between the groups are evident in other indicators 
of the use of serial decoding, such as sensitivity to word length (van den Boer & de 
Jong, 2015).

Second, though our study had a longitudinal design, the children were only fol-
lowed during a limited period. Unfortunately, we were not able to observe develop-
mental changes in intraword processes. The monosyllabic words and pseudowords 
included in the current study were processed mainly in parallel from Grade 2 onward 
(see also de Jong, 2011; van den Boer & de Jong, 2015). In order to track intraword 
processing over time, we would have needed to start earlier or include polysyllabic 
words and/or less frequent words (Romero et al., 2024b). Only when the time span 
covers the development of both intraword and interword reading processes, can we 
really establish the order or conditionality of changes in reading processes. However, 
this would likely decrease the reliability and generalizability of our measurements, as 
it has been shown that a reading accuracy of at least 70% is needed in order to reliably 
measure reading fluency (cf. Altani et al., 2020; Juul et al., 2014; see also Romero et 
al., 2024a). Parallel intraword reading processes from the start of our study did allow 
for a focus on the development of cascaded processing in series of words. It is also 
likely that changes in the relation between RAN and reading continue to occur after 
fourth grade as children’s reading ability develops further. For example, Rodriguez 
et al. (2015) found a significant drop in the relation of serial RAN with single word 
reading only between Grades 4 and 5. Intraword reading processes might thus still 
change after Grade 4, when readers become even more advanced. We were not able 
to capture this later development.
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Third, it should be noted that we used response onset times for discrete measures of 
RAN and reading, whereas serial measures of these skills included articulation time 
as well. Previous studies differed in whether articulation time was (e.g., Protopapas 
et al., 2013; Altani et al., 2020) or was not (de Jong, 2015; van den Boer et al., 2016) 
included in discrete measures. These studies have generally found similar raw cor-
relations between serial and discrete measures of RAN and reading. Using response 
onset times, without including articulation time, does limit the effect of controlling 
for discrete reading to examine the partial correlation of serial reading with serial 
RAN. This might affect the strength of the partial correlation found. However, it 
should not result in changes in this partial correlation over time, which was the main 
finding of the current study. Obviously, the use of response onset times does imply 
that the mean scores on the discrete and serial tasks are not directly comparable.

Finally, we observed that parallel processing of single words preceded interword 
cascaded processing, but cascaded processing did not emerge immediately. From the 
current measures and results we cannot say why this was the case. It is likely that 
single word processing needs to reach a certain level of automaticity, before readers 
can split their attention between multiple words. More fine-grained measures of read-
ing processes, including eye movements or indications of reading processes at the 
word level (cf. de Jong & Molenaar, 2025), administered in smaller time intervals, 
would be needed in order to understand under what conditions cascaded processing 
starts to occur.

Conclusion

The current study was the first longitudinal study that included yearly measures of 
RAN and reading to track changes in intraword and interword reading processes. 
This longitudinal perspective is essential to establish when and how reading pro-
cesses start to change over time. In all, the results showed no change in intraword 
reading process. In Grades 2 to 4, the pronunciations of words and pseudowords 
seemed to be activated in parallel upon encountering the written form, although some 
serial processing seemed to occur to read (some) pseudowords. Moreover, the results 
suggest that parallel processing of single words might not immediately result in cas-
caded processing. Despite parallel processing of words and pseudowords from Grade 
2 onwards, indications of cascaded processing in reading series of words were only 
observed from Grade 3 and Grade 4. Over time, readers of Dutch showed increases 
in the extent of cascaded processing in reading series of words. In contrast, cascaded 
processing was not observed for pseudoword reading. As two indications of changes 
in cascaded processing were observed at different time points, the results also suggest 
that the year-to-year development of interword reading processes might not proceed 
as gradual as might be expected.

Appendix A

See Tables 4, 5, 6, 7, 8, 9, 10, and 11

1 3

2178



Developmental changes in the relations of serial and discrete RAN with…

Table A1  Accuracy per Grade per Task
Grade 2 Grade 3 Grade 4

Measure N M (SD) Range N M (SD) Range N M (SD) Range
RAN D 181 1.00 (.01) .94–1.00 151 1.00 (.01) .95–1.00 141 1.00 (.01) .95–1.00
RAN S 181 1.00 (.02) .80–1.00 153 1.00 (.01) .98–1.00 141 1.00 (.01) .95–1.00
Words
READ D 1 180 .96 (.06) .67–1.00 152 .98 (.04) .83–1.00 141 .99 (.03) .83–1.00
READ D 2 180 .97 (.05) .63–1.00 152 .98 (.03) .79–1.00 141 .99 (.03) .75–1.00
READ S 1 180 .98 (.03) .80–1.00 153 .99 (.02) .90–1.00 140 .99 (.02) .90–1.00
READ S 2 180 .98 (.04) .80–1.00 153 .99 (.02) .90–1.00 140 .99 (.02) .80–1.00
Pseudowords
READ D 1 178 .90 (.12) .57–1.00 152 .93 (.08) .55–1.00 141 .95 (.07) .65–1.00
READ D 2 178 .90 (.11) .42–1.00 152 .94 (.08) .65–1.00 141 .95 (.08) .55–1.00
READ S 1 178 .90 (.10) .45–1.00 153 .95 (.06) .70–1.00 140 .95 (.07) .60–1.00
READ S 2 176 .89 (.12) .05–1.00 152 .92 (.08) .55–1.00 141 .94 (.08) .60–1.00
Scores reflect proportion of items named correctly
READ, Reading; D, discrete format; S, serial format; 1, version 1; 2, version 2

Table A2  Rate and latency scores per grade per task
Measure Grade 2 Grade 3 Grade 4

N M (SD) Range N M (SD) Range N M (SD) Range
RAN D 181 1.71 (0.28) 0.89–2.69 151 2.06 (0.35) 0.57–3.09 141 2.05 (0.29) 1.39–2.96
RAN S 181 1.57 (0.33) 0.77–2.57 151 1.86 (0.35) 0.85–3.02 141 2.01 (0.35) 1.15–3.01
Words
READ D 1 180 1.70 (0.35) 0.72–2.84 151 2.00 (0.36) 1.09–3.93 141 2.05 (0.26) 1.40–2.80
READ D 2 180 1.68 (0.36) 0.70–2.70 151 1.98 (0.36) 1.08–3.74 141 2.02 (0.27) 1.35–2.67
READ S 1 179 1.50 (0.43) 0.59–2.49 152 1.84 (0.41) 0.88–3.43 140 2.03 (0.37) 1.22–3.42
READ S 2 179 1.42 (0.45) 0.48–2.72 152 1.80 (0.41) 0.97–2.89 140 1.99 (0.37) 1.08–3.29
Pseudowords
READ D 1 178 1.35 (0.37) 0.47–2.49 151 1.66 (0.43) 0.62–2.82 141 1.64 (0.36) 0.68–2.46
READ D 2 178 1.37 (0.38) 0.49–2.71 151 1.67 (0.44) 0.59–3.12 141 1.65 (0.34) 0.80–2.45
READ S 1 177 0.89 (0.35) 0.26–2.03 152 1.13 (0.37) 0.41–2.66 140 1.26 (0.34) 0.58–2.45
READ S 2 175 0.78 (0.31) 0.21–1.72 152 1.01 (0.33) 0.33–2.15 141 1.09 (0.31) 0.42–2.27
Scores reflect items named per second, based on onset latency for discrete tasks and on total naming 
times for serial tasks
READ, Reading; D, discrete format; S, serial format; 1, version 1; 2, version 2
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Table A7  Correlations between serial RAN and serial reading of words (below diagonal) and Pseudowords 
(above diagonal) per Grade
Measure Grade 2 Grade 3 Grade 4

RAN S S 1 S 2 RAN S S 1 S 2 RAN S S 1 S 2
Grade 2
RAN S – .429 .432 .757 .434 .399 .634 .384 .480
S 1 .398 – .877 .491 .797 .810 .505 .755 .798
S 2 .441 .876 – .517 .786 .814 .479 .742 .765
Grade 3
RAN S .757 .386 .480 – .561 .515 .795 .494 .590
S 1 .434 .668 .657 .530 – .863 .522 .763 .799
S 2 .408 .701 .713 .565 .764 – .451 .739 .779
Grade 4
RAN S .634 .373 .416 .795 .482 .550 – .461 .591
S 1 .415 .565 .605 .463 .583 .576 .499 – .824
S 2 .448 .581 .649 .552 .663 .657 .516 .724 –
All correlations are significant at p < .001
D, discrete format; S, serial format; 1, reading version 1; 2, reading version 2
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