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ARTICLE INFO ABSTRACT
Keywords: Little is known about how word recognition processes, such as decoding, change when reading
Eye movement fluency improves during the school year. Such knowledge may have practical importance by

Word recognition
Reading fluency
Development
Developmental dyslexia

determining which aspects of reading are most malleable at a certain age and reading level. The
development of word-recognition subprocesses of third- and fourth-grade Finnish students (n =
81) with variable reading fluency was explored from longitudinal (6-month) text reading eye-
tracking data. Generic development of the word recognition system was assessed from longitu-
dinal changes in first fixation, average refixation durations and the number of first-pass fixations.
The development of orthographic word representations and decoding was studied by examining
the longitudinal changes in word frequency and word length effects, respectively. According to
the results, the gain in reading fluency was mainly associated with decreases in first fixation and
refixation durations. These decreases, in turn, inhibited the reduction in the number of fixations.
However, students who could overcome this inhibitory effect, that is, by reading both with
shorter fixation durations and with fewer fixations, developed most in reading fluency. The re-
sults seem to indicate that reading fluency development is driven by increased efficiency in
representing letter strings in working memory. Over time, this development may lead to fewer
fixations made into a word and, thus, more letters processed during each fixation.

1. Introduction

It is well known that reading fluency development relies primarily on visual word recognition becoming more automatized (Altani
et al., 2020; Bijeljac-Babic et al., 2004; Samuels et al., 1978; Spinelli et al., 2005; Zoccolotti et al., 2009). This development is believed
to stem both from a generic increase in processing speed (Zoccolotti et al., 2009) and the accumulation of specific orthographic word
representations (Share, 2008). However, little is known about how word recognition subprocesses develop at the level of eye
movements and what might be the underlying developmental mechanism (Huestegge et al., 2009; Reichle et al., 2013). To this end, we
explored how word recognition, as reflected in readers’ first-pass eye movement measures (Rayner, 1998) of first fixation duration
(FFD), number of fixations (NrFix), and average refixation duration (AvgRefixDur; see Hautala et al., 2021; Huestegge et al., 2009),
change longitudinally over six months as a function of time and associated gain in reading fluency. Our participants in the third and
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fourth grades of primary education were in the phase of gradually developing their reading fluency (Eklund et al., 2015), and many of
them were dysfluent readers participating in a reading fluency intervention. Besides studying generic changes, we assessed the main
subprocesses of word recognition: the functioning of orthographic word representations was assessed by studying the word frequency
effect, and the functioning of grapheme-phoneme conversion (GPC) was assessed by examining the word length effect. To disentangle
developmental mechanisms, we analyzed the interdependency of the changes in the component measures and their joint contribution
to the development of reading fluency.

1.1. Word recognition theories

According to the prevalent dual-route view of reading (Coltheart et al., 2001; Perry et al., 2010), the processing of a letter string starts
with a parallel encoding of letters, after which the world’s phonological representation can be either directly accessed via activation of
orthographic word representation or by GPC. In turn, the semantic representations may be accessed via orthographic or phonological
word representation. Within the direct lexical route, representations of more frequent words are activated faster, producing a word
frequency effect. Words that lack a representation in the mental lexicon are read by the GPC route, producing a length effect. Although
an individual reader is assumed to read a word either by the lexical or the GPC route, in practice, readers vary by which words they
have already learned. Therefore, in principle, the model should predict the frequency and length interaction effect at the group level.

Although word recognition theories, such as the dual-route model, have been developed based on outcome data (response times
and accuracies) to model only single-word reading, they have been widely used as a theoretical framework in reading research in
general. However, the dual-route model should be critically examined in light of time-course data, such as eye movements. Recently,
Hautala et al. (2021) reasoned that due to the early divergence of the routes immediately after the stage of visual letter encoding, the
dual-route models would predict a word frequency and word length interaction effect to emerge from the outset of lexical processing.
In contrast to this prediction, a quantile regression analysis (Yap et al., 2012) conducted for FFDs of fluent readers showed that the
frequency effect was present among fixations of shorter durations than what was the case for the frequency and length interaction
effect (Hautala et al., 2021). In other words, the word frequency effect preceded the interaction of frequency and length. This pattern of
results was taken to indicate that activation of orthographic word representations (presumably starting during the parafoveal preview;
(Marx et al., 2016) facilitates its subsequent GPC decoding. The authors labeled this a dual-stage view of word recognition (Hautala
etal., 2021); see also (Jobard et al., 2003; Jobard et al., 2011), which we adopt as an alternative theoretical framework for the present
investigation.

1.2. Development of word recognition

A comprehensive behavioral analysis of the development of single word recognition in a transparent orthography (i.e., Italian)
across school grades 1 through 8 was provided by a cross-sectional study by Zoccolotti et al. (2009). According to their results, reading
fluency develops rapidly during the first grades and then levels off from the third grade onwards to follow a steady linear trend.
Furthermore, they found that 70 % of the development in word-recognition response times can be explained by a global factor instead
of changes in the specific effects of length, frequency, and lexicality (words vs. nonwords). This result suggests that reading fluency
development is mainly driven by orthographic processing becoming more efficient (Varga et al., 2020). Zoccolotti et al. (2009) also
found that the word length effect reduces drastically during the first two grades, with the reduction being more pronounced for
high-frequency than low-frequency words and nonwords. In contrast, the magnitude of the frequency effect was stable across grades.
These results suggest that decoding familiar letter strings, particularly, becomes more efficient through development.

Theoretically, GPC is assumed to be the principal learning mechanism, the self-teaching mechanism of new orthographic word
representations (Kyte & Johnson, 2006; Share, 2008). Increasing the collection of orthographic representations (i.e., lexicon) is
regarded as central to the development of reading fluency (Alvarez-Cafizo et al., 2018; Perry et al., 2019; Share, 2008). Accordingly,
the dual-route models have recently been extended to learn grapheme-phoneme associations and new words mainly relying on the GPC
route (Perry et al., 2019; Pritchard et al., 2018; Ziegler et al., 2020). These simulation studies also demonstrate how a phonological
deficit - assumed to underlie developmental dyslexia (Saksida et al., 2016) - may disturb the functioning of GPC and - as a consequence
- the acquisition of new orthographic word representations (Perry et al., 2019; Ziegler et al., 2019). Regarding the word frequency and
length effects, a previous simulation study (Dufau et al., 2010) showed that prolonged training of connectionist networks (similar to
those included in CDP++) led to a generic reduction of word processing time and attenuation of word frequency and neighborhood
effects. All these effects were also observed in the developmental data across Grades 1-5 (Dufau et al., 2010). Moreover, according to
(Ziegler et al., 2019), the CDP++ model learns grapheme-phoneme associations rapidly and early during the model training pro-
cedure, therefore providing an explanation for the rapid decrement of word length effect during early grades (Zoccolotti et al., 2009).

Being time-course measures, eye movements may provide deeper insight into how word recognition processes develop (Blythe,
2014). In line with the behavioral data (Zoccolotti et al., 2009), also the eye movement measures of reading (including progressive and
regressive fixations, saccade amplitude, and fixation duration) develop most during the early school grades when children acquire
reading ability (Blythe & Joseph, 2011; Blythe et al., 2009; Buswell, 1922; De Luca et al., 2010; Hutzler & Wimmer, 2004; Haikio et al.,
2009; Kim et al., 2022; McConkie et al., 1991; Rayner, 1986; Sperlich et al., 2015; Spichtig et al., 2017; Vorstius et al., 2014; Taylor,
1965). We found that the earliest development reported in these studies (most commonly from Grade 1-2) is characterized by a
proportionally larger decrease in the saccadic measures (reduction in number of fixations, refixation probability, or increase saccade
amplitude) than in fixation duration (25 % vs. 13 %). In contrast, at the age range of 9-12 years, the saccadic and fixation duration
measures develop hand-in-hand with an annual rate of 7 %. This annual development in basic eye movement measures likely reflects
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the global developmental factor identified by Zoccolotti et al. (2009). In a rare intervention study, Judica et al. (2002) found a decrease
in fixation durations of 11-year old dyslexic children, while a modest reduction in the number of fixations was also observed both in the
intervention and control group. This result may be understood owing to each fixation lasting several hundred milliseconds, so a
reduction of the number of fixations would require a rather drastic development in word recognition ability, which, in turn, is harder to
achieve in later grades when children’s reading development trajectory is already quite established (Eklund et al., 2015).

Moreover, several studies have reported a reduction in the word length effect in gaze duration (GD, i.e., the sum duration of all first-
pass fixations) across years in cross-sectional (Joseph et al., 2009; Tiffin-Richards & Schroeder, 2015; Rau et al., 2014) and longitu-
dinal studies (De Luca et al., 2010; Huestegge et al., 2009; Schmidtke & Moro, 2021; Sperlich et al., 2015). Also, the word frequency
effect in FFD and later measures such as GD diminishes over the years (Tiffin-Richards & Schroeder, 2015; Khelifi et al., 2019). The
same developmental trend may apply to the word frequency and length interaction effect (Tiffin-Richards & Schroeder, 2015).

Theoretically, the developmental changes in readers’ eye movements were more parsimoniously simulated by orthographic-lexical
rather than visual-oculomotor processing, becoming more efficient (Reichle et al., 2013). This conclusion aligns with the findings that
children are virtually equally fast as adults in intaking visual information in disappearing text experiments (Blythe et al., 2009) and
that reading development seems not to be explained by improvement in attentional control of eye movements (Huestegge et al., 2009).

The investigations of reading fluency on readers’ eye movement behavior are also informative about reading development. Hautala
et al. (2021) found that the dual-stage pattern of results (a main effect of word frequency preceding the interaction of frequency and
word length) was delayed in less fluent readers, manifesting in highly inflated FFDs with a pronounced frequency effect, followed by a
pronounced length effect in refixation probability and a strong frequency and length interaction effect in summed refixation duration.
Such a pattern of results has also been reported among readers of varying ages (Calvo & Meseguer, 2002; Kliegl et al., 2004; Rau et al.,
2014; Schroeder et al., 2021; Tiffin-Richards and Schroeder, 2015). Moreover, Hautala et al. (2021) found that while FFD explained 35
% of the variance in reading fluency, the length effect in SRD explained an additional 14 %. Hautala et al. suggested that prolonged
FFDs may reflect slower letter encoding (see also (Paizi et al., 2013) and the pronounced length effect in refixation probability and
summed refixation duration a slower working of GPC (Blomert, 2011; Bouma & Legein, 1980; Gutezeit, 1976; Leinonen et al., 2001;
O’Brien et al., 2011; Perry et al., 2019).

Taken together, after the initial phase of reading acquisition, readers continue to gradually build up their reading fluency by
becoming more efficient in orthographic processing and decoding familiar and novel letter strings. In eye movements, these later
developments manifest in an equivalent reduction of the number of fixations and their durations and a continued reduction of word
length and frequency effects. However, the developmental mechanisms responsible for these changes require further research.

1.3. The present study

To gain new knowledge about the development of word recognition after the initial reading acquisition, we conducted a detailed
explorative analysis of short-term longitudinal changes in 3rd and 4th-grade readers’ first-pass viewing measures of words (FFD, NrFix,
AvgRefixDur) during text reading. We first estimated the effects of time, gain in proxy of reading fluency, word frequency, and length
and their possible interactions on each measure. Following Hautala et al. (2021), we operationalized the reduction in FFD (and its word
frequency effect) to reflect improvement in orthographic processing and the reduction in NrFix and AvgRefixDur (and their word
length effect) to reflect development in decoding. To discover the developmental mechanism, we studied the interrelationship between
the longitudinal changes in the dependent measures (Hautala et al., 2021). Although at this age, the number of fixations and their
durations seem to develop hand-in-hand, results of an intervention study (Judica et al., 2002) suggest that changes in fixation duration
may be more easily achieved in the short-term and thus precede a reduction of refixations. Furthermore, the concurrent development
of FFD and AvgRefixDur has not been studied previously (Hautala et al., 2021; Huestegge et al., 2009). Their concurrent development
would speak for the global developmental process (Zoccolotti et al., 2009), whereas their developmental dissociation would speak for
the relatively independent development of orthographic processing and decoding.

There are methodological challenges in studying highly intercorrelated measures of first-pass eye movements (Hautala et al., 2021)
and their changes over time. First, there may be trade-off effects between the number of fixations and their durations: FFDs may
shorten when multiple fixations are made into a word, therefore obstructing the detection of a word length effect in FFD (Loberg et al.,
2019; Sperlich et al., 2015; Vitu et al., 2001). However, such effects seem not to have been reported in previous multiline text-reading
studies (Hautala et al., 2021; Hutzler & Wimmer, 2004; Hyona & Olson, 1995). Multiline text reading studies employ a “corpus”
approach of estimating effects across all presented words instead of studying just target words presented in highly controlled sentence
frames. These two approaches have produced highly converging results (Kliegl et al., 2004), suggesting that multiline data is also
suited for studying robust word recognition processes. An additional benefit of the corpus approach is to derive a maximal amount of
children’s word viewing instances to reliably estimate highly intercorrelated word frequency and length effects and their interactions.

Our research questions were:

1) How do readers’ first-pass eye movements change as reading fluency develops? We hypothesize that reading fluency development
manifests primarily in reduced fixation durations (FFD, AvgRefixDur) and to a smaller extent in a reduction in NrFix (Huestegge
et al., 2009; Judica et al., 2002). In addition, these changes may be accompanied by the reduction of word frequency and length
effects as a reflection of improvements in orthographic processing and decoding, respectively (Zoccolotti et al., 2009).

2) What changes predict changes in other component measures and reading fluency development? We hypothesize that decreases in
fixation duration explain a reduction in the number of fixations and most variance in the development of reading fluency (Hautala
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et al., 2021; Huestegge et al., 2009; Judica et al., 2002). Such concurrent changes would then provide an eye-movement char-
acterization of the global developmental process (Zoccolotti et al., 2009).

The results will be discussed based on potential developmental mechanisms derived from the dual-route and dual-stage views of
word recognition.

2. Methods
2.1. Participants

The participants in this study were 81 voluntary students (44 girls, 37 boys) with a mean age of 10;1 (years;months, SD = 7
months). They were 37 students at Grade 3 (aged 9;5, SD = 4) and 44 at Grade 4 (aged 10;5, SD = 4). These students participated in
both measurements at time point 1 (T1) in December and time point 2 (T2) in June. The results of T1 (with additional participants)
have been previously reported by (Hautala et al., 2023). The participants came from five of ten schools participating in a large-scale (n
= 318) Readers’ Theater oral reading fluency intervention study (Hautala et al., 2023). Among the present sample, 37 students
belonged to the typically reading control group, while 44 were dysfluent readers participating in one of the three reading fluency
interventions (Hautala et al., 2023).

All students followed the standard curriculum, with school instruction provided in Finnish. The study was pre-evaluated by the
Ethical Committee of the University of Jyvaskyla. The research was conducted according to the ethical principles for medical research
involving human subjects set forth by the Declaration of Helsinki. Informed written consent was collected from students and their
caregivers.

2.2. Reading measures

The participants were first screened (Hautala et al., 2023) in November for their reading fluency and accuracy with a standardized
word list (Lukilasse 2; (Hayrinen et al., 2013) and text reading tasks (FirstSteps Study; (Lerkkanen et al., 2006). The average reading
fluency of the participants in this study was low according to grade-specific standardized norms (M = —0.62, SD = 1.11, range: —3.13
to 1.78) but normally distributed (skewness = —.035, SE =.27).

Participants completed three reading tasks at T1 (December) and T2 (May-June): (1) a group-administered, computerized, and
time-limited sentence verification task with correctly answered sentences in two minutes as the outcome measure (Cronbach alpha
reliability a = .94; Eklund et al., 2013; see also Hautala et al., 2020), (2) an individually administered expressive reading aloud task
(anonymized for review) with correct words per minute as the outcome measure, and (3) an eye-tracking experiment of silent text
reading with participant total fixation duration (PTFD) to all read words as the proxy of reading fluency. See the Analyses and Results
sections on how the reading measures were used in the explorative data analysis.

2.3. Apparatus

Eye movements were recorded with remote 250 Hz sampling rate eye-tracking devices (SensoMotoric Instruments GmbH) installed
on laptop computers (screen size of 34.5 x 19.5 cm). The measurements were conducted in a dimly lit room and controlled by at least
one experimenter. Fully adjustable chinrests modified from camera mounts were used to stabilize the participants’ heads while they sat
on a non-adjustable chair. The texts were presented with the SMI Experiment Center 3.6 program on eleven five-line screens with no
option to return to previous screens. Arial 28 pt. font was used, corresponding to approximately five letters per degree of visual angle at
a 60 cm viewing distance. A full-screen 13-point calibration routine was completed before the student read each of the four story parts,
and a 4-point calibration validation routine was completed after the third of 5-6 screens for each story part.

2.4. Procedure

Instructions for the task were given simultaneously via on-screen text (and through headphones at T1). Practice included a full
calibration routine, two practice text screens, and multiple-choice comprehension questions. Then, the calibration was repeated, and
the students proceeded to the actual experiment. After reading a text screen, students proceeded to the next screen by looking at a large
gaze-sensitive area centered on a target arrow in the right-bottom corner. A pause intervened between the two story parts, allowing the
children to lift their heads from the chinrest before recalibrating and continuing.

Some adaptations to the procedure were made due to the COVID-19 pandemic leading to nationwide school closures in April 2020.
While the T1 experiments were conducted in an available room at schools with four eye trackers, the T2 experiments in all but one
school (there was no effect of school on PTFD) were conducted in individual testing rooms at a research site with two eye tracker
devices. Healthcare officials allowed the measurements to continue with special precautionary hygienic arrangements. Although there
was a substantial drop-out from T1 (n = 142) to T2 (n = 81), it was not selective according to reading fluency (F(1, 141) = .289, p =
.594) or gender (Chi-Square =.132, p = .717).
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2.5. Materials

Participants read two abridged and modernized Finnish versions of classic stories: Little Heidi by Johanna Spyri (1881) (Finnish
abridgment by Kati Weiss) and Adalmina’s Pearl by Zacharius Topelius (1865), available at https://iltasatu.org/. The story read at T1
continued at T2 with a short researcher-added introductory sentence: ‘Do you remember Little Heidi/princess Adalmina, who.)’. Minor
changes to wording were also made to avoid single-line experimental screens. Word frequency, minimum syllable frequency in a word
(an index of sublexical difficulty), and the number of syllables were derived from the latest published corpora (Huovilainen, 2018). All
corpus frequency measures were logl0-transformed. Word length and frequency were correlated: r = —0.748 at T1 and r = —.716 at
T2. In addition, an index of word predictability in the form of two-gram transitional probability was derived from the Finnish N-gram
corpus National Library of Finland, (2014). The psycholinguistic properties of the four-story parts were highly comparable (Table 1).

Each of the four story parts was followed by five multiple-choice (four response options) comprehension questions and one Yes/No
question about whether the story was familiar to the reader. Reading comprehension questions were answered with an accuracy of M
=79 %, SD = 16 %, range: 30-100 % at T1 and M = 81 %, SD = 17 %, range: 30-100 % at T2. Two students performing below 50 %
accuracy both at T1 and T2 were excluded from the analyses, as were data from three students either at T1 or T2. At T1, 18 children
were familiar with one of the stories (9 in control and 9 in intervention groups); 5 knew both, but knowing the story did not affect
reading comprehension accuracy (F(1, 78) = 0.163, p = 0.687).

2.6. Eye-movement data processing

Data preprocessing was conducted with the SMI Begaze 3.6 program. A sensitive saccade detection parameter of 20 deg/s minimum
angular velocity, a saccade duration of 15 ms, and a minimum fixation duration of 50 ms were applied to detect refixation saccades
with small amplitudes. The vertical boundaries of the automatically generated word-specific areas of interest were manually extended
to the center position between the lines.

Trained research assistants manually inspected scan paths of all screen recordings to correct systematic drifts (415 or 23.3 % of
screens) in the data and mark occasions where data were of poor quality (33 or 1.9 % of screens). The inter-rater agreement regarding
whether to correct a screen was 95 % for the first text screen at both T1 and T2.

The first-pass fixations were identified with a custom script in the SPSS 26 program. The dependent variables were FFD (the very
first fixation on a word), NrFix (number of first-pass fixations), AvgRefixDur (average duration of all first-pass refixations), and single
fixation duration (Appendix Al). Initially, we also computed and analyzed refixation probability (RP), summed refixation duration
(SRD; (Hautala et al., 2021; Huestegge et al., 2009), and gaze duration (GD, the summed duration of all first-pass fixations), whose
results are not reported here due to the following reasons: NrFix was preferred over RP since many readers frequently make more than
two first-pass fixations on long words, and GD was not needed for answering the present research questions. The authors reasoned that
the interpretation of AvgRefixDur is more straightforward than the summative SRD measure.

Because the first-pass fixation identification is highly affected by noise in eye-movement signals, additional filtering following
Hautala et al. (2021) was applied: To exclude skimming, only cases in which more than 60 % of words on a line were fixated were
included in the analysis (96.5 % of all line readings). Single return-sweep fixations that did not land on the next text line’s initial word
were excluded (Slattery and Parker, 2019). Together, the exclusions affected 6 % of the words. In addition, extreme values of + /- 3 SD
from the individual mean (Gerth & Festman, 2021) were excluded from the analyses, affecting 1627 (1.7 %) instances of FFD, 2099
(2.1 %) instances of NrFix, 562 (1.9 %) instances of AvgRefixDur. Only instances in which a word was fixated were included in the
analyses (i.e., skipped words were handled as missing values).

2.7. Analyses

We report how we determined our sample size, all data exclusions, all manipulations, and all measures and analyses in the study
(Simmons et al., 2012). The overall rationale of the analyses follows Hautala et al. (2021) by first identifying relevant effects with
separate linear mixed models (LMM) and then by studying the interconnectedness of these effects with a hierarchical regression
analysis.

First, we identify the most relevant reading measure for further analyses by inspecting the correlations between the reading
measures, first-pass eye movement measures, and their gains (T2 minus T1 values). We then ran LMMs for each dependent measure
(see supplementary file for R scripts) in R with the Ime4-package (version 1.1-21; (Bates et al., 2019) controlled through the afex--
package (version 0.25-1; (Singmann et al., 2015), which allows model estimations with uncorrelated random effects. Here, it is

Table 1
Mean (SD) of the psycholinguistic properties of the stimulus texts.
Words WL WF (log) MinSyl (log) Twogram (log)
T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
Little Heidi 457 462 6.3 (2.6) 6.3 (2.5) 1.7 (1.3) 1.7 (1.3) 2.8(0.7) 2.8(0.8) 1.9(1.1) 1.9(1.2)
Adalmina’s Pearl 403 421 6.4 (3.0) 6.6 (2.8) 1.9 (1.4 1.7 (1.49) 2.9 (0.8) 2.7 (0.81) 1.9(1.2) 1.9 (1.1)

Note. Abbreviations: WL = word length, WF = word frequency in a million words, MinSyl = minimum syllable frequency in a million words, Twogram
= frequency of occurrence in a million words given a preceding word.
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important to control for the global effect of processing speed (Zoccolotti et al., 2009), which directly influences the size of specific
effects (e.g., frequency and length). Logarithmic transformation (base 10) of dependent variables allows testing proportional effects
(see (Martens & de Jong, 2008). To establish whether there was a significant development in reading fluency during the relatively
short (6-month) study period and whether this development was due to intervention, we ran a model 1og10 (PTFD) ~ Group x Time +
(1 +Time||id) + (1|word).

We then proceeded to estimate to which extent first-pass eye movement measures and their associated word frequency and word
length effects change as a function of time and reading fluency gain. As per reviewer recommendations, we changed our analysis
strategy from data-driven model building to testing only a theoretically meaningful full model and omitted the factors of reading
fluency and two-gram predictability. To this end, we run the model log10 (dependent measure) ~ Time x Gain x Word frequency (WF)
x Word length (WL) + Minimum syllable frequency (MinSyl) + (1 + Time + WL + WF || participant) + (1 | word). The ordinal
measure of the number of first-pass fixations was analyzed with Poisson distribution with the logarithmic link function. The final
models * variance inflation factor values (vif-function of the car-package; (Fox et al., 2012) were below 5, indicating no multi-
collinearity between predictors (O’Brien, 2007). Residual diagnostics showed near-zero correlations (|r| < 0.06) between model re-
siduals and values of dependent or independent variables. Satterthwaite approximation of degrees of freedom was used in statistical
testing. We report standardized beta estimates (b’) to facilitate the comparison between effects.

Finally, to study the interdependencies of the changes in FFD, NrFix, and AvgRefixDur (in 10-based logarithmic values) and their
joint contribution to reading fluency development, a hierarchical regression analysis was conducted in SPSS 28 program (IBM). We
used mean-based estimates instead of individual random slope coefficients derived from LMMs (Hautala et al., 2021). This decision
was made because the slope coefficients may not be directly comparable between different models (Kliegl, 2023).

3. Results
3.1. Reading fluency

Table 2 presents correlations between the reading measures at T1, their gains, and their correlations to averages of first-pass eye
movement measures. All reading measures and first-pass eye movement measures correlated highly with each other at T1. However,
the gains between different reading fluency measures correlated only weakly. These results align with the previously reported finding
of the present intervention effects being specific to oral reading speed (anonymized for review). Moreover, only the gain in participant
total fixation duration (PTFD) correlated with the gains in first-pass eye movement measures. On this basis, the PTFD was used as a
proxy of reading fluency, and its gain was used as an index of reading fluency development. The split-half reliability of PTFD was high
(r=.99 at T1 and r = .94 at T2), as well as for its gain (r = .89). The individual gain in PTFD correlated minimally (rs < .12) with the
word-level values of FFD, NrFix, and AvgRefixDur suggesting that including the PTFD gain as a predictor in the analyses does not
induce problems in multicollinearity.

Next, we analyzed to which extent PTFD developed from T1 to T2 and to which extent this development was due to interventions.
The main effect of Group (b’ = 0.34, SE = 0.04, t = 8.38, p < .001) showed that RF was much better in the control group (M = 313 ms,
SE = 14.5 ms) than in the intervention groups (M = 508 ms, SE = 22.2 ms). Main effect of time (b’ = —0.05, SE = 0.02, t = —2.59,p <
.05) indicated that reading fluency developed by 10 % from T1 (M = 419 ms, SE = 13.6 ms) to T2 (M = 379 ms, SE = 13.6 ms). The
interaction between Group and Time was insignificant (b’ = —0.05, SE = 0.03, t = —1.59, p = .12), indicating that the development was
not due to the interventions. However, there was substantial individual variability in the development because omitting the random
slope of Time resulted in an inferior model in terms of Bayesian Information Criterion (BIC) (18,909 vs. 17,912).

3.2. First fixation duration

There were 96,702 observations for 79 participants and 1743 words. Table 3 provides standardized beta estimates, standard errors,

Table 2
Selected correlations between the reading measures, the first-pass eye movement measures, and the gain measures.
ORF, T1 SV, T1 PTFD, T1
Sentence Verification (SV), T1 797
Participant Total Fixation Duration (PTFD), T1 =775 =735
First Fixation Duration (FFD), T1 -72 -.67 .88
Number of 1st-Pass Fixations (NrFix), T1 -.67 -.70 .83
Average Refixation Duration (AvgRefixDur), T1 =72 -.68 .91
ORF, Gain SV, Gain PTFD, Gain
SV, Gain .25%
PTFD, Gain .06 -.04
FFD, Gain .09 .04 57+
NrFix, Gain .04 -.05 12
AvgRefixDur, Gain .07 .08 64+
Note. Abbreviations: ORF = Oral reading fluency.
" p < 0.05.
" p<0.01,
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Table 3
Generalized) linear mixed model results for the component measures.
First Fixation Duration Number of Fixations Average refixation duration”

Effect b SE t Sig b SE z Sig. b SE t
Gain 0.158 0.040 3.965 0.089 0.023 3.96 0.216 0.048 4.46
WL 0.016 0.011 1.47 0.153 0.011 14.18 0.053 0.015 3.51
WF -0.049 0.011 -4.34 . -0.056 0.008 -6.73 -0.125 0.017 -7.58
Time -0.039 0.016 -2.41 -0.030 0.007 -4.30 e -0.065 0.014 -4.54
MinSyl 0.018 0.006 2.96 -0.003 0.005 -0.67 -0.005 0.008 -0.62
Gain x WL -0.012 0.007 -1.69 : 0.024 0.011 2.23 g -0.002 0.011 -0.17
Gain x WF -0.005 0.008 -0.65 -0.023 0.008 -2.80 -0.027 0.012 -2.21
WF x WL 0.015 0.007 2.05 -0.025 0.006 -4.25 -0.052 0.012 -4.47
Gain x Time -0.109 0.023 -4.72 R -0.004 0.010 -0.36 -0.108 0.020 -5.30
WL x Time -0.012 0.010 -1.28 0.006 0.007 0.83 0.016 0.014 1.19
WF X Time -0.023 0.010 -2.25 0.008 0.008 1.01 0.009 0.015 0.57
Gain xXWL x WF 0.004 0.006 0.72 0.002 0.007 0.34 -0.007 0.010 -0.66
Gain xWL x Time 0.007 0.006 1.10 0.001 0.007 0.08 0.003 0.010 0.28
Gain x WF x Time -0.001 0.007 -0.08 0.010 0.008 1.22 0.007 0.011 0.62
WL x WF x Time -0.022 0.008 -2.88 o -0.004 0.006 -0.61 -0.027 0.012 -2.19
Gain x WL x WF x Time -0.010 0.006 -1.73 a 0.002 0.007 0.24 0.005 0.010 0.45

Note. Abbreviations: WL = word length. WF = word frequency.
" p<.05.
™ p<.0L
™ p <.001.
ap<.l.

b Analysis of Gaze Duration produced an equal pattern of results.

and statistical test results. The grand mean was 249 ms (SE = 6.72 ms). The main result was the significant interaction of Gain x Time
(b’ = —0.109), which indicates that the reduction from T1 to T2 in FFD increases as a function of gain in PTFD (Fig. 1A); actually, the
FFDs increased from T1 to T2 for the lowest gainers. Another important result was the significant interaction of WF x Time (b’ =
—0.023), resulting from the FFDs to higher frequency words reducing more from T1 to T2 than for lower frequency words (Fig. 1B).

The main effect of Gain (b’ = 0.158) reflects the positive correlation (r = .33; see Appendix A2) between fluency and gain, indi-
cating that less fluent readers tended to make higher gains in reading fluency. The effect of Time (b’ = —0.039) indicated that FFDs
reduced over time. The effect of WF (b’ = —0.049) indicated a shorter fixation duration for more frequent words. The effect of
minimum syllable frequency (b’ = 0.018) may stem from lexical competition being stronger among words that do not contain con-
straining low-frequency syllables (Hawelka et al., 2013). There was no main effect of word length on FFD. Given that refixation
probability drastically increases as a function of word length, this result also indicates a lack of trade-off effect between the number of
fixations and FFD.

The interaction of WL x WF (b’ = 0.015) indicated a slightly larger word length effect for less frequent words. The significant three-
level interaction of WL x WF x Time (b’ = —0.022) resulted from minor time-related changes in the word length effect for words of the
highest frequency, the effect being + 9 ms at T1 and — 5 ms at T2 across words of + /- 1 SD from average word frequency. We have no
theoretical interpretation for this unexpected result.

A B 2801
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2 2807 g 260 4 .\-
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o o
[7]) (7]
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Q O 2404
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2204 220 4
0 3 0 1
Levels of Time Levels of Time

Fig. 1. Estimated marginal means of the first fixation duration (msec) for the Time x Gain (panel A) and WF x Time (panel B) interactions. Z refers
to standardized values.
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3.3. Number of fixations

See Table 3 for statistical test results and Fig. 2 for selected marginal means. The grand mean was 1.35 (SE = 0.023). The main
result was that the Gain x Time -interaction (Fig. 2A) was insignificant (b’ = —0.004), indicating that gain in PTFD did not directly
translate into fewer fixations made into words. Regression analyses will further investigate this unexpected result (see below).

All main effects but MinSyl (b’ = —0.002) were highly significant (p < .001), WL (b’ = 0.153), WF (b’ = —0.056), Gain (b’ = 0.089),
and Time (b’ = —0.030). These results indicate that more fixations were made to longer and less frequent words, by high gainers and at
T1 than T2, respectively.

Three two-level interactions reached significance. Gain x WL (b’ = 0.024) and Gain x WF (b’ = —0.023) indicated that the effects of
length and frequency were slightly larger for students showing larger gains in PTFD (less fluent readers). In addition, WL x WF (b’ =
0.025) indicated the effect of length being larger for less frequent words (Fig. 2B).

3.4. Average refixation duration

There were 29,861 observations for 79 participants and 1700 words. The grand mean was 210 ms (SE = 6.23 ms), being
considerably shorter than the mean FFD (249 ms). See Table 3 for statistical test results and Fig. 3 for selected marginal means. The
main result was the significant interaction of Gain x Time (b’ = —0.108), which indicates that the reduction from T1 to T2 in FFD
increases as a function of gain in PTFD (Fig. 3A). Another important result was the significant three-level interaction of WL x WF x Time
(b’ = —0.027), resulting from the WL x WF interaction being proportionally larger at T2 than at T1. Fig. 3B shows how reading short
infrequent words improved most.

All main effects except MinSyl (b’ = —0.005) were significant, Gain (b’ = 0.216), Time (b’ = —0.065), WF (b’ = —0.125), WL (b’ =
0.053). These results indicate that refixation durations were longer for high gainers (less fluent readers), at T1 than T2, and for less
frequent and longer words.

Also, the two-level interactions of Gain x WF (b’ = —0.027) and WL x WF (b’ = —0.052) were significant. The former effect
indicated that WF was more prominent for high gainers, and the latter indicated that the length effect was more notable for less
frequent words.

3.5. Regression analysis

We ran two hierarchical regression analyses to understand the possible interrelations of the changes in the component measures
and how they contribute to reading fluency development. Table 4 presents model results and Appendix A2 correlations. The
component measures correlated positively (r = 0.56-0.97) with each other at T1, as well as the changes from T1 to T2 between FFD
and AvgRefixDur (r = 0.81). However, there were unexpected negative correlations between the reduction in fixation duration
measures and the reduction in NrFix (r = —0.50 for AvgRefixDur and —0.60 for FFD). This result means that a larger reduction in
fixation duration is associated with a smaller reduction or even a slight increase in the number of fixations. Thus, there is a trade-off
between a reduction in the number of first-pass fixations and their duration.

The hierarchical regression analysis revealed that after controlling for the initial level of PTFD (R? =11.2 %) and T1-T2 changes in
fixation durations (+R2 =38.8 %), gain in NrFix explained a substantial amount of additional variance (4+25.4 %) in PTFD gain (see
Model 1 in Table 4). The coefficient was positive (b’ = 0.68), meaning that a larger reduction in NrFix was associated with a larger gain
in PTFD. However, the gain in NrFix did not explain any variance in PTFD gain when added to the model before the gains in fixation
duration measures (Model 2 in Table 4). In other words, only when reduction in fixation duration is first controlled for, reduction in the
number of fixations indeed contributes to reading fluency development.

We interpret these results as NrFix acting as a suppressor variable (see Thompson and Levine, 1997). A suppressor variable has no
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Fig. 2. Estimated marginal means of the number of first-pass fixations for the non-significant Time x Gain (panel A) and significant WF x WL (panel
B) interactions. Z refers to standardized values.
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Fig. 3. Estimated marginal means of the average refixation duration for the Gain x Time interaction (panel A) and WF x WL x Time interaction
(panel B). Z refers to standardized values.

association with a dependent variable (r = 0.04 here) but can explain the residual variance left by another predictor. Scatterplots
suggest that the change in NrFix may reflect two counteracting developmental processes: First, by average, reduction in fixation
durations inhibits the reduction of the number of fixations (Fig. 4A). Second, those students who can overcome this inhibitory effect
seem to show larger PTFD gains (Fig. 4B). Because these effects have opposing directions, the net effect in the reduction of NrFix is zero
on PTFD gain (Fig. 4C).



J. Hautala et al. Cognitive Development 69 (2024) 101395

Table 4
Results of the hierarchical regression analyses of gain in reading fluency.
Step Predictor v R R? Adj. R? Est. SE AR? AF (1, <80)
Model 1 1 PTFD, T1 0.334 0.112 0.100 0.15 0.112 9.7%%
2 FFD gain 0.684 0.468 0.454 0.11 0.356 50.
3 AvgRefixDur gain 0.707 0.499 0.479 0.11 0.032 4.77*
4 NrFix gain 0.868 0.754 0.740 0.08 0.254 76.4%%%
Model 2 1 PTFD, T1 0.334 0.112 0.100 0.15 0.112 9.7+
2 NrFix gain 0.335 0.112 0.089 0.15 0.000 0.04
3 FFD gain 0.837 0.701 0.689 0.09 0.588 147.4%%*
4 AvgRefixDur gain 0.868 0.754 0.740 0.08 0.053 15.9% %+

Note: Abbreviations: PTFD = Participant total fixation duration, FFD = first fixation duration, AvgRefixDur = average refixation duration, "=
standardized beta coefficient in the full model, R? = coefficient of determination, Adj. = adjusted, est. SE = estimated standard error. A = change.
* p < .05.
" p<.0L
" p <.001.

4. Discussion

We explored how first-pass eye-movement measures during text reading change over time and as a function of reading fluency
development. We also examined how these changes contribute to gain in participant total fixation duration (PTFD) used as a proxy of
reading fluency development. Expectedly, first fixation duration (FFD), number of first-pass fixations (NrFix), and average refixation
duration (AvgRefixDur) all reduced over time (Huestegge et al., 2009). However, only a reduction in fixation duration, not in NrFix,
was associated with the reading fluency gain — a finding previously shown in an intervention study (Judica et al., 2002). Although
minor changes in the size of word frequency and length effects were observed, these changes were not related to the magnitude of
reading fluency development over time (Zoccolotti et al., 2009; Martens & de Jong, 2008).

Regression analysis then sheds light on the complex interdependence of the changes in the number of fixations and their duration.
Expectedly, FFD and AvgRefixDur reduced largely hand-in-hand (Hautala et al., 2021; Huestegge et al., 2009), and this reduction
explained most of the variance in the development of reading fluency (Zoccolotti et al., 2009). Thus, after the initial reading acqui-
sition phase, reading fluency development seems to first manifest as a reduced mean fixation duration. An unexpected and novel
finding was that a reduction in fixation durations inhibited a concurrent reduction in NrFix. However, after controlling for the
reduction in fixation duration, students who could maintain or even reduce their NrFix developed their PTFD most i.e. reading fluency.

4.1. Developmental mechanisms

Our most novel finding was that the reduction in fixation durations inhibited concurrent reduction in NrFix. Although the ocu-
lomotor mechanism underlying this relationship requires further investigation, we may discuss this effect from a more general
viewpoint of skill development. Given that fixation durations were reduced for to all types of words, we interpret that the development
occurs predominantly by becoming more efficient in decoding words systematically with multiple fixations. In contrast, those who
tried to read faster only by making fewer fixations did not develop well. One possibility is that they have started to employ a “hasty”
reading style (Radach et al., 2008; Schoot et al., 2000) by trying to learn to guess the words based on a single or fewer fixations. Such a
strategy may not be entirely detrimental, as it has been identified as an effective compensatory reading style for a subgroup of dyslexic
readers (Leinonen et al., 2001). The issue requires further research. Finally, a few students could combine the reduction of both the
number and duration of their first-pass fixations - thereby achieving the largest gains in reading fluency. We may speculate that these
readers reached a threshold in the efficiency of orthographic processing, which allowed them to process more letters per fixation
(Hautala et al., 2011).

Although the dual-stage view (Hautala et al., 2021) posits that first- and re-fixation durations reflect predominantly orthographic
coding and decoding processes, respectively, these durations are highly intercorrelated and, according to the present results, they also
develop hand in hand. Thus, it is reasonable to assume that these measures reflect some unified cognitive process. We suggest this
process being an expertize-driven ability to extract, maintain, and process a unified representation (an orthographic template sug-
gested by (Paizi et al., 2013) of a letter string in working memory (Varga et al., 2020). Furthermore, the development of this
expertize-driven working memory function may also include a transsaccadic integration mechanism (Higgins and Rayner, 2015),
which, in turn, may alleviate the need for memory rehearsal, consequently allowing the reader to start GPC earlier during the
refixation and support attention guidance during GPC (Richlan, 2014). Finally, it has been shown that grapheme-phoneme associations
also take years to automatize (Blomert, 2011), which may facilitate orthographic coding and decoding.

Interestingly, reading fluency gain was not associated with a reduction in the proportional size of the frequency and length effects
relative to the overall mean of the dependent variables. These effects are known to reduce particularly during the first grade in
transparent orthographies (Zoccolotti et al., 2009; De Luca et al., 2010). Thus, our results suggest that in later grades, these linguistic
effects are reduced more gradually, perhaps as a direct consequence of global development (Zoccolotti et al., 2009), which in the
present study manifested in FFD, AvgRefixDur, and NrFix.

Although not subject to statistical testing, the reduction over time was somewhat more pronounced in refixation duration than in
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Fig. 4. Selected scatterplots between gains in first fixation duration, number of first-pass fixations, average refixation duration, and participant total
fixation duration. The values are shown in a 10-base logarithmic scale.

other measures. This observation may suggest specific development in the decoding process, presumably facilitated by the earlier
orthographic activations and linguistic predictions of word-ends (see Hautala et al., 2021, for a discussion). In addition, first fixation
durations decreased more for higher-frequency words than for lower-frequency words, and refixation durations for short rare words
reduced the most. These effects may indicate the strengthening of orthographic representations for familiar words and, on the other
hand, the formation of some new orthographic representations for rare short words (Hautala et al., 2011; Martens & de Jong, 2008).

4.2. Implications for word recognition theories
We framed our study according to the dual-stage view of word recognition (Hautala et al., 2021), assuming that when the
orthographic coding of letter identities and their order is reasonably precise, and sublexical and lexical units are activated

(Alvarez-Canizo et al., 2018; Perry et al., 2019; Share, 2008), the subsequent serial GPC decoding will also be facilitated. Comparing
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the coefficients for the word frequency and length interaction between models with different dependent measures, the absolute nu-
merical value of the coefficients appears to increase from FFD to NrFix and AvgRefixDur. This pattern would be compatible with a
dual-stage process hypothesis. However, there is no way to test this difference statistically; besides, coefficients from different models
cannot usually be compared straightforwardly. A remaining theoretical question is whether the orthographic coding also includes
information about the predictive transitional probabilities between letters and sublexical parts or whether coding these transitions is
part of the decoding process (Sibley and Kello, 2012)

The present results may well be in the scope of recently published developmental extensions of the dual-route models (Perry et al.,
2010; Pritchard et al., 2018). The generic reduction in word processing times could be understood as the continued strengthening of
connection weights over prolonged training of neural networks, while the reduction of the word frequency effect results from the larger
learning effect for new words (Dufau et al., 2010). Because the CDP+ + model learns grapheme-phoneme associations rapidly and
early during the model training procedure (Ziegler et al., 2019), the reduction in word length effect may be only modest later on. The
more intricate findings of the present study, that is, the reduction of FFDs on high-frequency words and the reduction of AvgRefixDurs
on short low-frequency words, may prove useful for future simulation studies. It may be that continued exposure to familiar words
improves merely their letter encoding while learning new words first manifests in their improved grapheme-phoneme decoding.

4.3. Limitations

As discussed, the present results suggest that at the age of nine and ten, word recognition during reading in transparent orthog-
raphies develops predominantly via a reduction in fixation duration. However, it is important to remember that changes in linguistic
processing (frequency and length effects) would be expected in a similar analysis conducted for longitudinal data spanning over the
years (Zoccolotti et al., 2009) and especially for summative measures such as GD (see, e.g., (Tiffin-Richards and Schroeder, 2015).

It should be noted that the theoretical framework of the dual-stage view of word recognition and the dual-deficit view of devel-
opmental dyslexia is relatively novel (Hautala et al., 2021) and still requires replications in different languages and with different
methodologies. For example, two German studies replicated the emergence of the length effect in late measures but did not find a
frequency effect in FFD (Gerth & Festman, 2021; Huestegge et al., 2009). Both studies used a categorical word frequency variable and
restricted the analysis to target words, which may have weakened the effects relative to Hautala et al. (2021), who studied fully
transparent Finnish orthography with the corpus approach.

Furthermore, reading fluency and its development were operationalized as the participant’s total fixation duration and its gain,
respectively. This decision was made due to poor correlations between gains in different reading tasks. Therefore, the present findings
are specific to the development of word recognition during reading of longer texts and may not readily generalize to other forms of
reading fluency development, such as oral reading or reading individual sentences for comprehension.

The texts shown in T2 were sequels to the ones shown in T1. Some students may have recalled the story narrative and characters,
which may have facilitated their reading at T2. This memory effect may have contributed to the finding that refixation durations for
rare short words were reduced more than for other types of words from T1 to T2. Future longitudinal studies may attempt to construct
highly controlled parallel texts and counterbalance the order of presentation.

Finally, the COVID-19 pandemic prevented us from conducting T2 measurements at schools, which led to a substantial drop-out of
participants. Although the drop-out was not selective, at least regarding reading fluency or gender, the reduced statistical power
prevented us from building cross-validated data-driven models.

4.4. Conclusions

The present results indicate that nine-to-ten-year-old students are still developing their efficiency in orthographic processing, that
is, expertize for print (Varga et al., 2020). It was found that a reduction in fixation duration drives the development of reading fluency,
which we suggest to reflect increased efficiency in extracting, maintaining, and decoding letter string representations in working
memory (Paizi et al., 2013). Eventually, this development may transfer into decoding more letters per fixation (Hautala et al., 2011).
We suggest that both continued exposure to familiar words and learning new orthographic word representations (Alvarez-Canizo et al.,
2018; Perry et al., 2019; Share, 2008) contribute to developing this generic yet expertize-related working memory function (Zoccolotti
etal., 2009; Paizi et al., 2013). This generic development may occur simply when students read frequently (Sonnenschein et al., 2010).
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Appendix A
Al. Analysis of single fixation duration

There may be trade-off effects between the number of fixations and fixation durations (i.e., shortened first fixation duration when
anticipating that a refixation is needed to read a long word). Hautala et al. (Hautala et al., 2021) observed no such effect in the analysis
of T1 data. However, when word recognition is highly successful and achieved by a single first-pass fixation, the progression of word
recognition processes is likely advanced. Because less fluent readers rarely read long words with single fixations, the analysis of single
fixation duration was restricted to words with eight or fewer letters. The four-level interaction of WF x WL x Gain x Time was omitted
to obtain convergence. All the main effects were significant (* p < .05, **p < .01 ***p < .001): WF, b’ = —0.06, SE = 0.01,
t=—4.81***, Time, b’ = —0.05, SE = 0.02, t = —3.07 * *, WL, b’ = 0.06, SE = 0.01, t = 4.26 * ** , Gain, b’ = 0.18, SE = 0.04,
t =4.32*% ** MinSyl, b’ = 0.03, SE = 0.008, t = 3.27 * ** , as well as the two-level interaction of Gain x Time, b’ = —0.11, SE = 0.02,
t=—-517 * **,

There was a weak but reliable WL effect suggesting that GPC had begun. The lack of WF x WL interaction may indicate that
decoding of low-frequency words was highly successful.

A2. Correlations between logarithmically transformed initial values at T1 and their gains to T2

LG10 PTFD PTFD_Gain FFD_T1 FFD_Gain Nr_T1 Nr_Gain AvgRefixDur_T1
PTFD_Gain 0.334 * *

FFD_T1 0.892 * * 0.261 *

FFD_Gain 0187 0.648 * * 0.343 * *

Nr.T1 0.802 * * 0.194 0.559 * * -0.135

Nr_Gain 0.173 0.036 -0.034 -0.598 * * 0.488 * *

AvgRefixDur_T1 0.911 * * 0.257 * 0.966 * * 0.281 * 0.585 * * -0.006

AvgRefixDur_Gain 0.236 * 0.647 * * 0.319 * * 0.809 * * -0.063 -0.504 * * 0.364 * *

Note: Abbreviations: PTFD = Participant total fixation duration, FFD = First fixation duration, Nr = Number of first-pass fixations, AvgRefixDur
= Average refixation duration.

Appendix B. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.cogdev.2023.101395.
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