University of
Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal
non-commercial research or study, without prior permission or charge. This thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be given,

e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name of the

University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






University of Southampton

Faculty of Environmental and Health Sciences

School of Psychology

Individual Differences in Eye Movements During Skilled Reading
by

Charlotte Elizabeth Lee

https://orcid.org/0000-0003-0319-5635

Thesis for the degree of Doctor of Philosophy

November 2023


https://www.southampton.ac.uk/




University of Southampton

Abstract

Faculty of Environmental and Life Sciences
School of Psychology

Doctor of Philosophy

Individual Differences In Eye Movements During Skilled Reading
by

Charlotte Elizabeth Lee

The body of work presented here explores the assumption of uniformity in skilled reading which
assumes that all skilled readers use comparable cognitive processes and display similar eye
movement patterns during reading. This thesis investigates individual differences in skilled
readers’ eye movements across three experiments. We consider multiple cognitive processes that
are active during reading, ranging from fine-grained letter and word level processing to higher-
level comprehension tasks. Consistent findings suggest that the most stable predictors of
individual differences in skilled readers’ word reading processes are skills related to lexical
proficiency (such as vocabulary). Readers with greater lexical proficiency generally read more
quickly than readers with low quality lexical representations. This difference is facilitated by faster
word identification processes, especially when encountering less frequent words. In terms of
encoding the position and identity of specific letters within words, consistent with findings from
previous literature, skilled readers generally have a strict mechanism for encoding letter identities
but are more flexible when encoding letter positions. Our results indicate that the flexibility of
letter position encoding varies very little within groups of skilled readers, and as such appears to
reach (near) maturation once reading skills are fully developed. A final experiment determined
that skilled readers are able to adapt their reading strategies to different comprehension
demands, and generally aim to read more quickly over time. Less skilled comprehenders appear
to reach a threshold for how much they can speed up, even when comprehension demands are
low. An important finding that arose within this thesis was that two often used offline
comprehension tests, the NDRT and WIAT-Il comprehension tests, never loaded together in
principal components analyses, and as such appeared to measure distinct underlying constructs.
As aresult, we reveal a Jingle fallacy, an issue that occurs when two instruments are falsely
assumed to measure identical constructs because they share a name. Findings and implications
for future research practice are discussed.
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Definitions and Abbreviations

Definitions and Abbreviations

) D Single Fixation Duration, the duration of the first fixation on a target
word during first pass reading, when the word was fixated exactly

once.

[ S O First Fixation Duration, the duration of the first fixation on a target

word during first pass reading.

GD e, Gaze Durations, the sum of all fixation durations on a target word

before moving forwards or backwards from it in first pass reading.

GOPAST ..., Go past times, the sum of all fixations made on a target word before
moving on to a later portion of the sentence, this measure includes

regressions to previous portions of the text.

PCA....cooeieieeeeee, Principal Components Analysis, a statistical method used to reduce

the dimensionality of large datasets.

LMM .o, Linear Mixed Effects Model, a statistical modelthat accounts for both

fixed and random effects.

GLMM ..o, Generalized Lineal Mixed Effects Model, a statistical model that
accounts for both fixed and random effects and allows modelling of

non-normally distributed data.

NDRT ..o Nelson Denny Reading Test, a test of reading ability that includes

vocabulary and reading comprehension subtests.

WIAT-I e, Wechsler Individual Achievement Test 2™ Edition, a test of reading
ability that includes word naming, pseudoword decoding and reading

comprehension subtests.

ART .o, Author Recognition Test, a test of print exposure.

LexTALE ..., Lexical Test for Advanced Learners of English, a test of vocabulary
knowledge.

RAN ..o, Rapid Automatized Naming, a test that measures how quickly an

individual can name a series of simple visually presented stimulie.g.,

letters, digits, colours.

XVii



Definitions and Abbreviations

XViii

Digit Span, a test of working memory which requires individuals to
memorise and recall lists of numbers in forwards and backwards

sequential order.

Working Memory Capacity, the number of items that can be held in

working memory.
A measure of how frequent a given word is in a language.

Low Frequency, a low frequency word is on that is uncommon in a

language.

High Frequency, a high frequency word is one that is commonly

occurring in a language.

Transposed Letters, a transposed letter pseudoword is created by

switching letter positions within a word.

Substituted Letters, a substituted letter pseudoword is created by

replacing letter identities in a word.

When independent variables in a model are correlated with each

other.



Chapter 1

Chapter 1 Introduction

Reading is a fundamental skill that shapes an individual’s ability to gain knowledge,
communicate with others and participate in society. Reading enables individuals to learn
independently and to understand information presented around them and on the web. In
contrast, illiteracy highly contributes to societal inequality. People with poor literacy skills are
more likely to experience poorhealth and are more than twice as likely to be unemployed (World
Literacy Foundation, 2022). Developing effective reading instruction is clearly something that
deserves great attention and is estimated to cost $1.19 trillion USD globally each year (World
Literacy Foundation, 2022). Systematic investigations of reading therefore play a vital role in
informing educators and policy makers about the best means of reading skill tuition and
assessment. To do this effectively, research must first understand the cognitive processes
involved during reading and the differences that arise within these processes when readers have

different skill levels.

The body of work presented here contributes to the understanding of what makes a skilled
reader successful, and how differences in reading behaviours arise within groups of adult readers.
The aim of the project was to explore the assumptions of uniformity in skilled reading, which
assume that all skilled readers use similar cognitive processes and display similar behaviours
(Andrews, 2012). This thesis explores individual differences in skilled reading behaviours across
three experiments. The three experiments cover a broad range of levels of cognitive processing
during reading ranging from fine-grained word level processing to higher-level comprehension
tasks and allow for a broad view of what it means to be a skilled reader and how individual

cognitive skills contribute to different aspects of reading.

For the first part of this thesis, we look closely at how common and uncommon words are
processed by skilled readers and explore whether specific skills influence readers’ word
identification speeds. We then delve deeper into word identification processes, to explore how
skilled readers use information about differences in letter positions and letter identifies in
upcoming words. We assess whether cognitive skills influence this very fine-grained encoding of
letter positions within words during this process. For the final empirical section of this thesis, we
take a step back to consider overall reading strategies for longer texts and how readers respond
to the demands of a reading task. In this we consider offline reading comprehension measures
and compare the changes in reading behaviours related to skills assessed by them. However, to
understand the influence of individual differences in skilled reading, we must first understand the

reading process and the typical behaviour of the average skilled reader.
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1.1 Understanding the Reading Process

According to the Simple View of Reading (Gough & Tunmer, 1986), the two main elements
of reading are the ability to decode words and the ability to understand oral language
information. Word decoding involves both phonological processes and the understanding of
alphabetic codes in writing systems such as English. Most words in English can be identified by
mapping graphemes (units of one or more letters) onto phonemes (corresponding sounds). It is
important to note here that the specific writing system matters, such that languages with non-
alphabetic writing systems such as Chinese differ from alphabetic systems in the way that they
map onto oral language. In Chinese, each character usually corresponds to one syllable (Hoosain,
1992). In a similar vein, some alphabetic writing systems, for example Norwegian or Swedish,
have more transparent orthographies where graphemes (written letter units) consistently map
directly onto phonemes (sounds that correspond to them) (Furnes & Samuelsson, 2010). English
has a particularly opaque orthography, where oftentimes the same letter combinations can
produce multiple sounds (e.g., ea in head and hear) and different letters can produce the same
sounds (e.g., their/there/they’re), depending on surrounding letters and context. From this
example we can see that the direct mapping of orthography to phonology is not always sufficient,
and for some exception words it is completely ineffective (e.g., yacht). The process of word
recognition in English is therefore, in comparison, more complex and also requires some direct
mapping of orthography to semantic information for exception words. Computational models of
visual word recognition, for example the DRC model (Coltheart et al., 2001); the Triangle model
(Harm & Seidenberg, 2004; Plaut et al., 1996); and the CDP+ model (Perry, Ziegler, & Zorzi, 2007;
2010), agree that two cognitive processes are involved in word reading, one that translates
orthography to phonology and then to meaning, and one that is able to translate orthography

straight to meaning.

While it is clear that word recognition is an integral part of reading success (a text simply
cannot be understood if words cannot be identified), additional processes are required for
effective understanding of a text. For a broader view of whole text reading and comprehension,
the Construction-Integration (Cl) model (Kintsch, 1998) explains that a text can be represented in
three ways: a surface structure, a textbase and a situation model. The surface structure holds
semanticrepresentations of singular words from the text. The textbase integrates the meaning of
each word into an explicit semantic representation of the text as a whole (Kintsch & Rawson,
2005). The situation modelintegrates the textbase with the readers’ world knowledge, creating a
representation of the situation. A textbase is sufficient for shallow comprehension, but a situation

model is necessary for deeper understanding.
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To investigate moment-to-moment processes during reading for this project, eye
movement patterns are measured and then modelled by both text and reader-skill predictors. Eye
movement measures enable researchers to explain complex cognitive processes that are active

during specific stages of word recognition and reading (Liversedge & Findlay, 2000; Rayner; 1998).

1.2 Eye Movements During Reading

Due to the anatomy of the human eye, there are limitations on the amount of information
that can be obtained in a single moment from a visual stimulus. The retina contains two types of
photoreceptors, rods and cones. Rods work in low light levels and have low spatial acuity,
allowing only for the perception of coarse-grained information from the visual field. Cones, on the
other hand allow for the perception of more fine-grained information from the visual field,
including colour. Whereas rods are more evenly distributed across the retina, the majority of the
cones are densely located around the central 2 degrees of the retina, called the fovea, which
makes the foveatunedto detect highly detailed visual information. The parafoveal region extends
an additional 3 degrees from the fovea and features a much lower density of cones. The
parafoveal region has therefore a considerable reduction in visual acuity, which means that
information from the visual field may only be coarsely encoded. This results in limited information
processing of texts presented in this region. The periphery extends beyond the parafovea, and the
number of cones is further dramatically reduced, which means that visual acuity is further

degraded, and detailed visual information cannot be gathered.

A reader must, therefore, usually direct the fovea at parts of a text where highly detailed
visual information can be acquired. Readers make a series of saccades (ballistic movements) and
fixations (moments of relative stillness). During a saccade vision is blurred, which means the
reader is functionally blind, and cannot extract new information from the visual field (Matin,
1974). Fixations allow a reader to encode visual information from locations within the text.
Research has shown that eye movements are closely linked to cognitive processes during reading.
For instance, longer fixation durations are often associated with slower processing of difficult
words (Liversedge & Findlay, 2000; Rayner, 1998; Rayner, 2009). A reader may also make
regressions, where abackwards saccade is made to re-fixate a previous point in the text, to either
correct mislocated fixations (Clifton & Staub, 2011; Mitchell et al., 2008) or to parts of the text
that were difficult to understand during the first pass (e.g., where there is ambiguous language)
(Frazier & Rayner, 1982; Rayner & Frazier, 1987). Regression rates are therefore interpreted as
goodindicators of late cognitive processes (afteraword or portion of a text has been read for the

first time) (Liversedge & Findlay, 2000).
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Decisions about when and where to move the gaze are crucial to the reading process and
are influenced by several factors originating from both the text and the reader. On average,
fixations typically last 200 - 250 ms and saccades move across 7-9 letters on average (Rayner,
1998). However, variability in fixation durations can arise depending on the difficulty associated
with processing a particular feature of the text (fora review see Rayner, 2009). To read efficiently,
an individual must carefully plan eye movements to direct the gaze to parts of the text that will
allow them to gain the most usefulinformation. Generally, as the processing demands or difficulty
of atextincreases, readers need to make more fixations (with an accompanying increase in the
number of saccades), their fixations are longer and saccades are shorter, and there is an increase
in the rate of regressions (for a review see Rayner, 2009). Readers must use as much information
as possible from the text during a fixation to programme a saccade that will land on the most

appropriate location for the next fixation.

1.2.1 Eye-trackers and Early versus Late Eye Tracking Measures

Eye-trackers enable researchers to record participants’ eye movements during tasks
presented in the visual field. Current stationary eye-trackers have a high degree of spatial
accuracy and temporal resolution and record a larger number of measurements related to
fixations, saccades and regressions made by the participant. The SR Research Eyelink 1000, which
is the most commonly used, state-of-the-art eye tracker in reading research, is capable of
recording eye movements at rates of 1000 frames per second. A good calibration prior to
experimental procedures paired with an appropriate viewing distance in proportion to the size of
the presented texts will allow the samples to be spatially accurate to about half a character. A
series of algorithms collate the samples into measures that are assigned as fixations or saccades
depending on the degree of movement detected. Since eye tracking methods do not require
secondary cognitive tasks like lexical decisions (where a participant decide whether a single word
presented is a real word or a non-word), or word naming tasks (where participants must also
vocalise the word they have read), this methodology is ideal for studying natural reading

behaviours.

Using eye tracking equipment, we can separate eye movement patterns into early and late
eye measuresto understand the time course of reading. Measures that relate to first pass reading
of aword (the first time a word is read, before rereading) such as first fixation durations, single
fixation durations, and gaze durations are described as capturing “early” stages of word
processing, whereas go past times (the sum of all fixations on a target word before moving
towards later regions, this measure includes regressions to earlier regions) and total word reading

times, are described as capturing “late” stages of word processing (Rayner, Sereno, et al., 1989).

4
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Some key eye movement measures discussed in this thesis are defined in Table 1.1 below with

some indication of the stage of processing they are related to.

Table 1.1

Definitions of Eye Movement Measures

Measure Definition

Skipping An indication of whether a target word was skipped (not fixated)
during first pass reading. This is a very early measure of word
processing based on parafoveal processing.

First Fixation Duration The duration (ms) of the first fixation on a target word during first
pass reading. This is an early measure of word processing.

Single Fixation Duration  The duration (ms) of the first fixation on a target word when the
word was fixated exactly once during first pass reading.

Gaze Duration The sum of all fixation durations (ms) on a target word before
moving away from it in first pass reading.

Go Past Time The sum of all fixations (ms) made on a target word before moving
on to a later portion of the sentence, including regressions to
previous parts of the text. A late measure of word processing.

Regression Rate The percentage of regressive saccades made either in or out of a
target word or portion of the text (the former is called the
regressions-in rate, the latter the regressions-out rate).

Number of Fixations A global measure of reading behaviour on a word or region that
gives the total number of fixations made during reading. Includes
but not limited to fixations made after the first pass.

Average Fixation Duration A global measure of reading behaviour on an entire text that gives
the mean duration of fixations made when reading. Includes
fixations made after the first pass.

Average Forward Saccade A global measure of reading behaviour on an entire text that gives
Length the mean length of forward saccades made during reading. Includes
saccades made after the first pass.

Total Reading Time The total duration of time spent reading. It can be calculated for
target words, phrases, sentences, passages or whole texts.

Since modern eye-trackers have such a high degree of temporal and spatial accuracy, they
are capable of utilising the position of a participant’s gaze to trigger components within an
experiment. For instance, a paradigm used in the second experiment in this thesis is the gaze
contingent boundary paradigm where the location of the participant’s gaze triggers a change in
the presented display when it crosses an invisible line embedded within the text (McConkie &
Rayner, 1975; Rayner, 1975). This display change occurs during the saccade that triggers the
mechanism and is therefore undetected (Matin, 1974). Information presented in the parafovea,

beyond the invisible boundary, is more coarsely encoded compared to information in the fovea,
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and this paradigm makes it possible to determine the extentto which a word was processed prior
to the saccade that triggered the display change. The level of parafoveal processinginfluencesthe
length of the fixation that lands on the word that has now replaced the original string that had
been presented in the parafovea. As a result, it is possible to explore what kinds of information

can be extracted from the parafovea to guide subsequent eye movements and to what extent.

1.2.2 Word Skipping

Occasionally, parafoveal processing gives the reader enough information to decide to skip
an upcoming word, that is, to not fixate upon it directly, instead planning a saccade to the next
word. During reading approximately one third of words are skipped on average (Brysbaert et al.,
2005). Many factors influence the decision to skip a word, including text-related factors, individual
differences in reading skill (which we will discuss in more detail later) as well as limits of the
oculomotor system. The strongest known text-based predictor of word skipping is word length.
Short words (e.g., 3 letter words) are skipped more frequently than longer words (Vitu et al.,
1995; Drieghe et al., 2004; Just & Carpenter, 1980; Rayner, Sereno, & Raney, 1996). This effect of
word length has been found to be more closely related to the spatial width of the word rather
than the number of letters directly, as little difference in skipping is observed for words that have
a different number of letters but spread across a similar amount of space due to wider fonts or
letter spacing (Hautala et al., 2011). As such in the context of word skipping, word length can be

considered to be more a visual factor than a linguistic factor.

In terms of the oculomotor system, the likelihood that the upcoming word is skipped also
depends on the distance from the current fixation location. A saccade that is launched from a
nearby location will be more likely to skip over the subsequent word than a saccade that is
launched from a farther distance. Rayner, Sereno and Raney (1996) found that a five-letter word
was more likely to be skipped (25 % of the time) when the preceding fixation was located three
characters from the beginning of the word, than when it was seven characters away (10 % of the

time).

Linguistic properties of the text, such as word frequency (how often a word occurs within a
language) and predictability from preceding contextalso have robust, but smaller effects on word
skipping than word length and the saccade launch site. A meta-analysis by Brysbaert et al. (2005)
concluded that a high frequency word is skipped more often (16 % of the time) than a low
frequency word (11 % of the time). Word length interacts with word frequency for skipping
behaviours, and as a result, for longer words (7 letters +), the effect of word frequency is much

smaller than for 5 letter words (Rayner & Fischer, 1996). Brysbaert et al. (2005) also concluded
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that words that are predictable from the preceding context are skipped more often (8 % more)
than words that are unpredictable. To control for predictability in experimental investigations of
othereffects, stimuliare usually pretested using a cloze task. A group of participants independent
from the main study are given the materials up until the pre-target word and are asked to
complete the sentence. If aword is predictable from the preceding text, participants will produce
it more often than if it is unpredictable. These words will then be skipped more often than their

less predictable counterparts (e.g., Balota et al., 1985).

1.2.3 Fixation Durations

The oculomotor and text-based features discussed above, also impact upon fixations on
words when they are not skipped. If a saccade is launched farther from a target word that is not
skipped, fixations land closer to the beginning of words (McConkie et al., 1988) and fixation
durations on the target word increase (Pollatsek et al, 1986). The latter effect is probably due to
reduced parafoveal processing when the word was in a region of comparatively low visual acuity
on the previous fixation. Research has concluded that long words (compared to short words)
(Rayner et al., 1996; Kliegl et al., 2004; Pollatsek et al., 2008), low frequency words (compared to
high frequency words) (Inhoff & Rayner, 1986; Rayner & Duffy, 1986; Juhasz & Rayner, 2003;
2006; Pollatsek et al., 2008; Reingold et al., 2010; Staub et al., 2010) or words that are
unpredictable from the preceding context (compared to those that are predictable) (Erlich &
Rayner, 1981; Balota et al., 1985; Binder et al., 1999; Drieghe et al., 2004; Rayner & Well, 1996;
Rayner et al., 2001; 2011) are fixated for longer durations.

1.2.4 Perceptual Span

On average, skilled readers can extract information such as word spacing from the
parafoveal region up to 14 — 15 character spaces away from the current fixation to the right in
English word (towards the upcoming word) and 3 — 4 character spaces to the left in alphabetic
languages read from left to right (McConkie & Rayner, 1975). This asymmetric visual field
facilitates parafoveal processing of information in upcoming words. For word identification,
higher visual acuity is necessary, and the perceptual span is smaller, allowing 3 — 4 letters to the

left and 6 — 7 letters to the right (Rayner & Bertera, 1979; Rayner et al., 1981).

1.2.5 Models of Eye Movement Control during Reading

We have presented an overview of what is known about the cognitive processes active

during reading as established by experiments that recorded eye movements (for a review, see
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Rayner, 2009). Several computational models of eye movements during reading have been
formulated based on evidence from eye tracking research, such as the E-Z Reader model (Reichle
etal.,, 1998; Reichle, 2011), the SWIFT model (Saccade-generation With Inhibition by Foveal
Targets, Engbert et al., 2002; Richter et al., 2006), OB1-Reader (Snell et al., 2018) and Uber-
Reader (Reichle, 2020). These models simulate the way a readers’ eyes move across a text and
adapt to simulate the eye movement patterns associated with difficulties in processing related to

oculomotor control and features of a text.

The E-Z Reader (Reichle et al., 1998; Reichle, 2011) assumes that lexical processing is serial,
whereby attention moves from one word to the next and that processing of an upcoming word
does not begin until the currently fixated word has been fully identified. According to the E-Z
reader, the oculomotor system begins planning a saccade from a word to the next when an early
stage of word processing called the familiarity check is complete. Attention shifts from the
currently fixated word to the upcoming word in the parafovea when the second stage of word
identification (for the current word) is complete (the completion of lexical access). Because
attention moves to the upcoming word faster than the saccade can be programmed, some
processing of the upcoming word begins before the eyes have moved (Rayner et al., 2006). This is
how the model accounts for parafoveal processing. The E-Z Reader model assumes that the
defaulttargetfor the next saccade is always the following word, but if the upcoming word can be
processed quickly in the parafovea, it will be skipped. Therefore, lexical processes are the driving
forces that move the eyes through a text in the E-Z Reader model (Reichle et al., 1998; Reichle,

2011).

The SWIFT model (Engbert et al., 2002; Richter et al., 2006) instead assumes that word
processing occurs in parallel. The SWIFT model describes a four-word window of attention within
which lexical processing takes place (with a processing gradient reflecting the decreasing visual
acuity from the centre of the visual field). The model suggests that saccades occur automatically,
via a timing mechanism. If the central word is difficult to process, the current fixation duration can
be extended via inhibition of the next saccade. SWIFT (Engbert et al., 2002; Richter et al., 2006)
therefore puts less emphasis on cognitive influences compared to the E-Z Reader model (Reichle
etal., 1998; Reichle, 2011), though both models are able to account for text-level influences like

word frequency and predictability on fixation durations.

More recent models have also been formulated to account for key findings from both
reading studies and isolated word paradigms (OB1-Reader, Snell et al., 2018; Uber-reader,
Reichle, 2020). OB1-Reader (Snell et al., 2018), like SWIFT (Engbert et al., 2002; Richter et al.,

2006), assumes that word identification processes occur in parallel, whereas Uber-reader
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(Reichle, 2020) extends the ideas of serial processing within the E-Z Reader model to a model that
incorporates influences other than word processing such as discourse processing (Reichle et al.,

1998; Reichle, 2011).

A crucial aspect for this thesis, is that computational models of eye movements generally
assume that all readers use similar processes when reading but allow for some variation in the
timing and efficiency of these processes (e.g., E-Z Reader, Reichle et al., 1998; 1999; SWIFT,
Engbertet al., 2005; Uber-Reader, Reichle, 2020; OB1-Reader; Snellet al., 2018). For example, the
E-Z Reader model successfully accommodates for the different eye movement patterns of older
readers (Rayner et al., 2006) and children (Reichle et al., 2013). However, differences are largely
considered by groups of readers (e.g., children vs adults, Reichle et al., 2013) rather than by
individuals within these groups, and as such, current computational models of eye movement
control in reading do not make specific predictions based on individual differences. As aresult, we
will not discuss them in much more detail. However, if qualitative differences between
individuals’ eye movements in relation to their cognitive skills occur (they differ in the processes
that are usedtorecognise and integrate words into sentences for comprehension), computational
models would face problems accounting for them. The following section explains how readers

continue to differ once reading is fully developed.

1.3 Individual Differences in Eye Movements during Reading

As mentioned earlier, there is an often-implicit assumption that skilled readers all read in a
similar manner (Andrews, 2012). However, even within groups of skilled readers, considerable
variation in eye movement measures have been observed (see Andrews, 2012; 2015 for reviews).
Fixation durations can vary between approximately 50 - 600 ms and saccade lengths can be
between approximately 1 - 20 letter spaces in English (see Rayner, 2009). In eye movement
research, the term skilled reader is often used interchangeably with average reader and most
often refers to an individual who does not struggle to read. While in this thesis we focus our
attention on adult readers who do not experience reading difficulties, a number of studies have
assessed individual differencesin developing readers and those who have reading difficulties such
as dyslexia (for a review of the literature on children’s eye movements during reading see Blythe
& Joseph, 2011). In comparison to the substantial literature concerning children’s reading
behaviours, relatively little attention has been given to understanding how individual differences
can account for variation observed within the skilled adult reader population. We highlight here
what is currently known about differences observed in this population. We then consider

approaches taken for investigations using large test batteries.
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Highly skilled readers are typically associated with faster reading speeds, shorter fixations,
longer saccades and fewer regressions compared to those with poor or average reading abilities
(Rayner, 1998; Ashby et al., 2005). However, the relationship between reading skill and reading
speed is not as straightforward (Underwood et al., 1990). Highly skilled readers do not always
demonstrate faster overallreadingrates and there is a speed-accuracy trade-off where increasing
reading speed eventually results in poor comprehension (Rayner et al., 2016). In early studies of
individual differences between skilled adult readers, participants were most often grouped based
on measures of overall reading ability (e.g., Ashby et al., 2005; Jared et al., 1999; Hae nggi &
Perfetti, 1994). Ashby et al. (2005) found that average readers read less frequent words more
slowly than skilled readers, and made greater use of wider sentence contexts to facilitate
identification of less frequent words. We return to discuss this study by Ashby et al. (2005) in

more detail when describing tests selected for the current body of work.

1.3.1 Approaches taken in Test Battery Investigations

Human cognitive skills form a multilevel hierarchy, with an overall general factor
(Spearman's g) and more specific levels relating to particular tasks (Deary, 2000). Reading relies
on multiple specific cognitive skills that enable an individual to make sense of written information,
such as letter and word decoding, and language comprehension. Reading also requires the
perception of visual information, and more general cognitive abilities such as working memory
processes and complex thinking processes, to extract and integrate text meaning with reference
to wider knowledge (Kintsch, 1998). An individuals own cognitive skills are often correlated
(Deary, 2000), therefore, to fully understand which cognitive skills drive differences observed in
reading behaviours and eye® movements during reading, the influence of multiple skills must be
accounted for. Some research has assessed multiple skills as predictors of eye movement
behaviours using large test batteries to address this issue (e.g., Kuperman, et al., 2018; Kuperman
& Van Dyke, 2011; Long & Freed, 2021). These studies have usually examined readers’ eye
movements during natural reading using a corpus of uncontrolled reading materials. To account
for the influence of text-levelcharacteristics such as word frequency and length within these data,
text related variables are then entered as predictors in statistical models alongside skills
measured by the test battery (e.g., Kuperman & Van Dyke, 2011). Issues of multicollinearity often
arise when including multiple skills that correlate with one another in statistical models. Various
statistical approaches have been used to overcome problems with multicollinearity in previous
research. For example, principal components analyses are frequently used to group skills based
on shared variance to reduce the number of predictors within a model (Veldre & Andrews, 2021;

Hasenacker & Schroeder, 2021). Alternative approaches include using Random Forests non-
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parametric regression techniques to assess the relative importance of reader skill and text-level

predictors (Kuperman et al., 2018) and Structural Equation Modelling (Long & Freed, 2021).

There are pros and cons foreach approach discussed here and whilst smaller investigations
of individual skills and those directly testing theoretical concepts have the advantage of being
easily interpretable, larger investigations allow for more skills to be assessed simultaneously.
Larger investigations can examine the influence of one skill whilst controlling for the influence of

another but often have to overcome issues with multicollinearity.

The approach for the current body of work focussed at first on investigations using a large
test battery during reading experiments where specific word-level characteristics were
experimentally manipulated. This approach enabled us to control for other text characteristics
that are known to influence eye movements, for example word length and predictability. Thus, we
were able to reduce the number of text predictors that were necessary to include in the models,
allowing us to include more individual differences predictors without the risk of model overfitting.
Next, we describe how tests were selected for the current test battery and describe theoretical

explanations and relevant findings that have been associated with them.

1.4 Test Battery Selection

When selecting tests for the current test battery, a high priority was to include tests that
would not reach ceiling levelsin adult populations. In other words, we required tests with enough
sensitivity to differentiate between average and highly skilled individuals in all measures. General
English proficiency tests were excluded from the final battery as these are aimed primarily at
second language learners and were considered to likely reach ceiling level in native speakers. A
large proportion of existing reading comprehension tests are aimed at assessing reading
difficulties or reading levels of children, therefore these were also dismissed due to potential
ceiling levels for skilled adult populations. Consequently, consideration moved towards reading
measuresinintelligence quotient tests as these were likely to include normed items which would
not reach a ceiling level in adult populations. In the following subsections we consider where
theory and previous research link these skills to individual differences in eye movements more

generally.

14.1 Reading Ability Tests

First, we considered tests of overall reading ability to allow for comparisons with previous

studies of individual differences in eye movements that grouped readers based on high and low
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scores on reading ability tests (e.g., Ashby et al., 2005). Reading ability can be assessed using
offline standardised tests that most commonly include measures of reading comprehension and
vocabulary size. These scores are then usually combined to give some indication of a reader’s

overall reading ability.

Ashby et al. (2005) examined the effects of word frequency and predictability on the eye
movements of average readersin comparison to more skilled readers. They split a sample of adult
participants into two groups based on their scores on the Nelson Denny Reading Test (NDRT;
Brown et al., 1993). In the first experiment, participants were given sentences to read whilst their
eye movements were recorded that contained a high or low frequency word embedded in the
same neutral (unpredictable) sentenceframe. Their results showed that overall, the group of high
scoring readers generally made shorter fixations than the group of average scoring readers. In
addition, highly skilled readers had shorter fixation times on low frequency words in comparison
to the group of average readers. For the average group there seemed to be a greater cost to
processing speeds forlow frequency words than there was forthe more skilled group. Ashby et al.
concluded that skilled readers had greater familiarity with less commonly occurring words, and

were therefore able to identify them more quickly from their mental lexicon.

In a second experiment by Ashby etal. (2005) high and low frequency words (e.g., house vs
igloo) were embedded in two sets of sentence frames, one in which the target word was
predictable (HFP: Wanting children, the newlyweds moved into their first house and were excited.
LFP: The traditional Eskimo family lived in the igloo built from snow and ice.) from the preceding
contextand one in which the target word was unpredictable (HFUP: The traditional Eskimo family
lived in the house built from snow and ice. LFUP: Wanting children, the newlyweds moved into
their first igloo and were excited). They found that predictability and frequency effects were
additive for skilled readers, with high frequency, predictable target words receiving the shortest
fixations and low frequency unpredictable targets received the longest. However, frequency and
predictability interacted with reading skill for the less skilled readers who were greatly facilitated
by predictability, which reduced the impact of encountering a low frequency word. Ashby et al.
(2005) concluded that average readers were using the surrounding context of a sentence to

identify words they are less familiar with to a higher extent than the more skilled readers.

Although measures of overall reading ability like the NDRT are standardised and are
designedto give a good indication of reading ability, research has found that such measures (and
comprehension subtestsin particular) are often inconsistent with each otherdue to differencesin
underlying constructs (Cutting & Scarborough, 2006; Keenan et al., 2008; Kendeou et al., 2012;

Méziere etal., 2023). Therefore, to allow for clear and reliable comparisons with previous studies
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that have used the NDRT (e.g., Ashby et al, 2005; Veldre & Andrews, 2014), it was selected as one
of the more appropriate measures of reading ability for our test battery. The NDRT includes two
subtests, one for vocabulary and another for reading comprehension. The vocabulary subtest
consists of 80 short descriptions of target words where participants are required to select the
most appropriate word or phrase from five options to describe the key word’s meaning. The
reading comprehension subtest includes 7 texts followed by 5-7 multiple choice comprehension
questions (with 5 possible answers) presented below each passage. This test is primarily used as a
diagnostic tool for reading difficulties but includes norms for skilled adult readers. Test reliability
for the NDRT ranges from .89 to .98 (Brown et al., 1993). Inrecentstudies, a half-timed version of
this test (where the standard time given to participants to complete the vocabulary and
comprehension tasksis reduced by half) has been found to result in a more normal distribution of
scores for skilled adult readers than the full-timed version (Andrews et al., 2020). We therefore

opted to use the half-timed version of the NDRT.

With regards to differences in underlying constructs measured by different reading ability
tests, and during the process of selecting appropriate measures for our test battery, it became
apparent that while most reading ability tests include a measure of comprehension, they often
differ in the other subtests that are included. For this reason, and to compare findings to studies
of children that utilise this test (e.g., Pagan et al., 2021), the Wechsler Individual Achievement
Test (WIAT-II UK; Wechsler, 2005) was included as an additional measure of reading ability. The
WIAT-1I reading ability test includes three subtests, word reading, pseudoword decoding and
reading comprehension. The word reading subtest is comprised of a list of real words that
participants must read aloud. The pronunciation difficulty of the words increases further down
the list, forexample, the test begins with “the” and finishes with “hierarchical”. The pseudoword
decoding subtest requires participants to read a list of orthographically legal (pronouncable) non-
words aloud (e.g., “flimp”). The reading comprehension subtest includes passages of varying
length and complexity (short fictional narratives, non-fiction text, news articles) that participants
read aloud or silently before answering literal and inferential comprehension questions aloud
when asked by an experimenter. The internal consistency reliability reported in the WIAT-Il user
manual is high (a =.98). The WIAT-Il is normed with UK and US populations of children from 4 to
16 years, and adults 17 to 85 years. Though the decision to include two measures of overall
reading ability may be unusual, the subtests included alongside comprehension for each, were
distinct, allowing the opportunity to model individual differences based on word reading and
pseudoword decoding measures as well as comprehension scores. Due to the inclusion of
separate word reading and pseudoword decoding subtests in the WIAT-1l, comparisons with

studies would be allowed that included them as predictors of individual differences in children’s
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reading processes (Gémez et al., 2021; Hasenacker & Schroeder, 2021). Inconsistencies based on
which testis selected foruse in scientific research (NDRTvs WIAT-II) are discussed throughout this
thesis and are the focus of further investigations in Chapter 4. Next, we discuss research that has
focussed on investigating the influence of the quality of a readers’ lexical representations on

reading behaviours.

1.4.2 Lexical Quality

1.4.2.1 The Lexical Quality Hypothesis

The Simple View of Reading (Gough & Tunmer, 1986) suggests that reading difficulties may
arise from poor decoding or oral language processing skills. According to the Lexical Quality
Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002), high quality lexical representations
facilitate word identification and in turn, enable better reading. A high-quality lexical
representation is described as a representation of a word that has strong connections between
orthography, phonology, and semantic information. Strong connections mean that when the
word is encountered during reading it will trigger rapid retrieval and be identified more quickly
than a word that has a low-quality representation. The Lexical Quality Hypothesis emphasises
word knowledge and experience, which suggests that adult readers will have more high-quality
representations than developing readers, and that betterreaders can be identified by the number
and quality of the lexical representations they hold. In developing readers, who do not yet have
much reading experience or word knowledge, word decoding is a strong predictor of reading
comprehension, whereas for skilled readers vocabulary size has been found to be a stronger
predictor (Braze et al., 2007; Protopapas et al., 2007). Similarly, shorter fixation times on words
(indicating faster word identification) have been linked to greater vocabulary knowledge in adult

readers (Cop et al., 2015).

The Lexical Quality Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002) has guided many
investigations into individual differences in skilled readers’ word identification during masked
priming, lexical decision tasks, and moment-to-moment text processing. Lexical quality has been
linked to faster word identification and better use of upcoming information presented in the
parafovea (Andrews, 2012; 2015; Andrews & Bond, 2008; Andrews & Lo, 2013; Andrews et al.,
2020; Veldre & Andrews, 2014; 2015a; 2015b; 2016; Veldre et al., 2017). Reading comprehension
and vocabulary assessments have been included alongside tests of spelling ability designe d by
Sally Andrews’ Lab that have been proven to be sensitive to individual differences in university
student samples (Andrews & Hersch, 2010). Spelling ability — at least in a language with opaque

orthography to phonology rules such as English - is proposed to be a good assessment of the
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quality of orthographic and phonological information held in the mental lexicon (Andrews, 2015;

Perfetti, 2007).

Veldre and Andrews (2013a) assessed readers’ spelling, vocabulary and reading
comprehensionand assessed readers’ perceptual spans using a gaze-contingent moving window
paradigm (McConkie & Rayner, 1975) whereby the reader is only allowed a fixed window of text
around their current fixation, which is programmed to move along with their eyes. The text that
falls outside of the window is masked, for example by strings of X. They found that readers who
were skilled in both reading comprehension and spelling had larger perceptual spans than those
who were less skilled readers and spellers. More skilled readers were able to extract and use
information gained in the parafovea more efficiently. Readers with high reading comprehension
and spelling abilities were more disrupted when theirforward perceptual span was very restricted
and benefitted more from larger windows (shown by longer forward saccade lengths) than those
with lowerreading comprehension and spelling skills. Some research has considered skills related
to lexical quality such as vocabulary, reading comprehension using measures that combine scores
on tasks (via principal components analyses) (see Veldre & Andrews 2021). However, studies have
also found that these skills individually predict distinct eye movement patterns where readers
who are good comprehenders are not always good at spelling and vice versa (Andrews & Lo,

2012).

1.4.2.2 Spelling

Spelling has been found to predict patterns in eye movement studies that are distinct from
patterns predicted by overall reading ability measures (Andrews & Lo, 2012; Veldre et al., 2017).
Veldre et al. (2017) revealed that good spelling abilities predicted a reduced word frequency
effect where better spellers were able to identify and read low frequency words more quickly
(indexed by smaller gaze durations and total fixation durations on target words) than less skilled
spellers. A reduced word frequency effect was not found in relation to better overall reading
abilities when spelling ability was accounted for in this study. Veldre et al. (2017) found that
proficiency in spelling predicted longer saccades, more word skip ping and saccades that landed
furtherinto a target word than low spelling abilities. Proficient reading abilities on the other hand
predicted fewer fixations, shorter sentence reading times, shorter fixation durations and fewer
regressions than low reading abilities. Veldre et al. concluded that spelling and reading abilities

contribute to different aspects of eye movement control (see also Slattery & Yates, 2017).

As suggested by the Lexical Quality Hypothesis, spelling appears to be specifically related to

orthographic processing and offline measurements of spelling ability, such as the accuracy of
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written word spellings from a dictated list and the recognition of misspelled words (e.g., Andrews
& Hersch, 2010), provide a reliable index of greater orthographic knowledge. It follows that for
adult readers, variation in spelling abilities may indicate differences in word identification
processes, even where reading abilities are comparable. By including spelling measures in a larger
test battery, we may be able to determine how important this skill is when others are accounted
for. From the evidence presented here it is reasonable to assume that spelling will be a strong
predictor of individual differences in eye movements in relation to word identification processes.
Spelling dictation and spelling recognition measures by Andrews and Hersch (2010) were
therefore included in our experiments in order to reliably compare findings with other studies on
skilled readers that use these measures (Veldre & Andrews, 2014; 2015a; 2015b; 2016; Veldre,
Drieghe, & Andrews, 2017). The spelling dictation task consists of 20 single words that are
presented from an audio recording. Examples of the words in a sentence and given and
participants are required to write down the correct spellings. The spelling dictation task was
reported by Andrews and Hersch (2010) to have a test—retest reliability coefficient of .90. The
spelling recognition task consists of a list of 44 correct and 44 incorrect word spellings and
participants are required to select all the words that are spelled incorrectly. Scoring is such that
each correctly spelled word selected scores 1, and each incorrectly spelled word scores -1. The
spelling recognition was also reported to have very high test—retest reliability (.93) (Andrews &
Hersch, 2010). These tasks were created to assess skilled reader’s spelling abilities for research

purposes.

1.4.2.3 Vocabulary

Vocabulary size is also closely related to lexical quality as it represents the number of words
that are represented in the mental lexicon and their related meanings (Andrews, 2015; Perfetti,
2007). Larger vocabulary sizes have been found to predict generally shorter fixation durations in
adult readers (Cop etal., 2015). In addition, readers with a larger vocabulary have also been found
to read less common words more quickly than readers with smaller vocabularies (Cop et al.,
2015). Kuperman et al. (2018) also found that large vocabularies predicted better reading
comprehensioninadults, which is in line with previous research that has suggested that for skilled
readers, vocabulary size is a stronger predictor of reading comprehension than word decoding

(Braze et al., 2007; Protopapas et al., 2007).

The LexTALE test (Lemhofer & Broersma, 2012), a measure of vocabulary knowledge in
English, was therefore included in the current test battery (in addition to the vocabulary subtest
included in the NDRT) based on its use in Cop et al. (2015) and also because it had a short testing

duration (approximately 3.5minutes). During the LexTALE test participants are presented with 60
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words sequentially and are required to indicate whether each stimulus is a real English word or a
pseudoword. The test includes 40 real English words and 20 non-words. To correct for the
unequal proportion of real words and non-words, a score is calculated by taking the mean of the
percent of correct responses (yes) for real words and the percent of correct responses (no) for
nonwords ((number of correct words/40 * 100) + (number of correct nonwords/20 * 100))/2).
Lemhoferand Broersma (2012) report split-half reliability for the LexTALE test ranging from .64 to
.81. It was initially created to provide a measure of English proficiency in second language
learners, however the test has been used in studies comparing native and non-native adult

speakers without performance reaching ceiling levels (e.g., Ernestus, et al., 2017).

14.2.4 Word and Pseudoword Decoding

Word and pseudoword decoding skills (which as we mentioned earlier are included as
subtests within the WIAT-II) are also linked to the quality of a reader’s lexical representations
(Perfetti, 1992; 2007; Perfetti & Hart, 2002). Word decoding has been found to play a key role in
children’s word reading processes (Hasenacker & Schroeder, 2021), and is a limiting factor for
children’s comprehension (Perfetti, 1985; Perfetti & Hart, 2001). There is also substantial
evidence thatforadults, poordecoding skills affect word recognition and comprehension (Rayner,
Schotter etal., 2014). Kuperman et al. (2018) found that good word decoding in adults predicted
an increase in word skipping and a reduction in the number of fixations, and total reading times
observed during passage reading compared to poor word decoding. In a study by Hasenacker and
Schroeder (2021), children’s word reading and pseudoword decoding scores, along with
vocabulary and spelling measures were grouped together based on analyses of shared variance
(via a principal components analysis) and were suggested to contribute to measures of
orthographic knowledge. Composite scores based on the variance shared by these measures were
foundto predictvariability in children’s eye movements when the orthography of a preview for a
target word was altered (for example to create a pseudoword preview by transposing two le tters
in the target word). Similar findings about individual differences in children’s orthographic
encoding processes were found related to overall reading abilities (measured by the WIAT-II)

(Pagan et al., 2021).

143 Reading Experience

Whilst reading experience can be considered to be closely related to lexical quality because
when individuals gain more reading experience, they have more opportunities to develop a
greater number of high-quality lexical representations (Perfetti, 1985), it has also been considered

separately in some studies (e.g., Chateau & Jared, 2000; Gordon et al., 2020). Chateau and Jared
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(2000) matched university students on their reading comprehension scores (via the NDRT
comprehension subtest). Despite this matching of reading comprehension abilities, participants
had different levels of print exposure, which is a good indication of reading experience, as
measured by the Author Recognition Test (ART; Stanovich & West, 1989). This test requires
participants to select the names of real authors from a list of real and fake author names. They
found that when reading comprehension scores were controlled for, greater reading experience
still predicted better scores on word naming and lexical decision tasks than less reading
experience. The authors suggested that reading experience enhances general knowledge and
improves word recognition by increasing vocabulary size. Additionally, in a recent study, Gordon
et al. (2020) found that when controlling for scores on Rapid Automatized Naming tasks (which
will be discussed below), greater reading experience was associated with more word skipping,

shorter gaze durations, and modulated the effect of word frequency.

The body of work presented in this thesis also aimed to determine whether differences in
eye movements can be seen in relation to differences in print exposure, and whether these
differences are due to reading experience alone or via shared variance with other, related skills,
for example vocabulary and spelling abilities. The UK Author Recognition Test (Acheson, Wells, &
Macdonald, 2008), was therefore selected as an appropriate measure of print exposure for skilled
adult readers. This task consists of a list of 65 real author names and 65 foil names. Are required
to select the names of real authors and scoring is such that a correct selection of a real author
scores 1and an incorrect selection of foil name scores -1. The ART has been found to have high
test reliability (o = .84 in Stanovich & West, 1989; and a = .75 - .89 in a review by Mol & Bus,
2011). In addition, McCarron and Kuperman (2021) found it to be an informative and accurate

measure of print exposure for Native English university students.

1.4.4 Other Cognitive Skills

1.4.4.1 Rapid Automatized Naming

As already briefly mentioned, Rapid Automatized Naming (RAN; Denckla & Rudel, 1974)
tasks measure how quickly participants can accurately name a sequence of repetitive stimuli
(letters, digits, colours or images). Alphanumeric RAN tasks (letters and digits) are often
considered to be good predictors of children’s reading skills (Bowey, 2005). However, there has
been little consensus about explanations for the relationship between RAN and reading ability
(seeKirby etal., 2010 fora review), though it has been suggested that phonological proce sses are
a key component of RAN tasks since they include reading aloud (e.g., Wagner et al., 1994;

Torgesenet al., 1997; Clarke etal., 2005; Ziegler etal., 2010). Alternative hypotheses suggest that
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RAN tasks measure rapid visual processing (originally suggested by Denckla, 1988), general
processing speed (e.g., Cutting & Denkla, 2001; Powell et al., 2007; Kail & Hall, 1994; Savage et al.,

2007; Wolf & Bowers, 1999), or automaticity of lexical retrieval (Jones et al., 2016).

Kuperman and Van Dyke (2011) found RAN times (along with word identification tasks) to
be reliable predictors of reading behaviours across the time-course of sentence reading for adults
who were not college educated. They also found that RAN tasks (alongside word identification
and reading ability) modulated the effects of word-level predictors, word-length and word-
frequency onreaders’ eye movements. RAN tasks are also used to indicate reading difficulties and
in a study by Kirkby et al. (2022) significant differences in RAN scores were found between
dyslexic and non-dyslexic adults. It is important to note that for skilled adult readers who do not
have reading difficulties, RAN tasks may be less sensitive to individual differences in reading
behaviours. However, Gordon et al. (2020) did find that for university students, high RAN scores
were associated with fewer regressions and more rereading than low RAN scores. Reading
experience (measured by the ART) was found to be more predictive than RAN scores of early eye
movement measures and was more sensitive to changes in eye movement patternsin response to
changesin word frequency. Gordon et al. (2020) considered their findings concerning regressions
and rereading and suggested that faster RAN times were related to attention and perceptual-
motor coordination during reading. To examine this further, we included alphanumeric RAN tasks
in the test battery to determine whether it is a strong predictor of eye movement patterns in
populations of skilled readers when controlling for the influence of other cognitive skills. For these
tasks a series of letters or digits are presented in a grid and the speed at which a participant is
able name the characters aloud is recorded. Gordon et al., (2020) reported high test-retest

reliability for RAN digits (.89) and RAN letters (.85).

1.4.4.2 Working Memory Capacity

Finally, working memory capacity (WMC) has been suggested to be a ‘common cause’
variable that predicts performance on both reading and RAN tasks (Papadopoulos et al., 2016).
Poor readers may have less efficient processing and memory storage than skilled readers
(Daneman & Carpenter, 1980). Indeed, readers with smaller WMC spend more time rereading
ambiguous regions of a text than readers with larger WMC when sentences are complex (Clifton
et al., 2003). However, many studies have shown that the influence of WMC on eye movements
and reading behaviours is likely to be due to overlapping variance from other measures (see
Hamilton et al, 2013; Traxler etal.,2012; Van Dyke, etal., 2014). Previous studies have often used
sentence span tasks where participants are usually asked to read aloud a number of sentences

that are followed by unrelated words (Daneman & Carpenter, 1980; Turner & Engle, 1989; La
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Pointe & Engle, 1990; Traxler et al., 2012; Van Dyke et al., 2014). Participants are then required to
memorise and recall the words at the end of the session. This measure of WMC share s variance
with otherreadingskills, due to similarities in tasks, forexample word identification tasks. For the
current test battery, we selected a measure of working memory distinct from reading tasks to
minimise shared variance with other measures. A backwards digit span (Gathercole et al., 2004)
was selected which requires participants to memorise and recall increasing sequences of digits,
first in a forwards order, and subsequently in a backwards order. Scores from the largest
successful digit span backwards sequence are used as a measure of working memory capacity.
Gathercole et al., (2004) report the mean test—retest reliability coefficient of the backwards digit

span task to be .62.

1.5 Thesis Overview

Many previous investigations examine differences in readers’ eye movement patterns in
response to changesin text-level characteristics using controlled experimental designs. Individual
differences in reading skills are either grouped into high and low-skill categories or are modelled
on a continuous measure of skill. Text manipulations allow for modelling of individual differences
related to specific processes in reading, for example how readers of different skill levels respond
to less common (low frequency) words in comparison to more common (high frequency) words
(Ashby et al., 2005). However, the aim of this thesis was to explore individual differences based

on differences across multiple skills.

Large test battery investigations in previous research have often utilised a corpus approach
to study natural reading. In contrast, the studies presented in this thesis used a large test battery
to examine the differences in readers’ eye movements in response to specific changes in text-
level characteristics within controlled experimental designs. This fairly novel approach using
highly controlled reading materials when examining multiple cognitive skill predictors meant that
fewer text-level variables were required to be included as predictors in statistical models, and

therefore reduced the risk of overparameterization.

This thesis investigates individual differences with three experiments. The project involved
two rounds of data collection, one for Experiment 1 and another for Experiments 2 and 3
combined. Therefore, the same participants completed Experiments 2 and 3, with the exception
of five participants who only contributed to Experiment 2 and five who only contributed to
Experiment 3. A large test battery was used across Experiments 1and 2. The first two experiments
focussed on word-levelaspects of reading: the first experiment investigated word frequency and

the second investigated transposed letter effects. A third experiment compared two offline
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comprehension measures when assessing individual differences in eye movement patterns during

paragraph reading in response to changing comprehension demands.

1.5.1 COVID Statement

The work presented here was impacted by nationallockdowns in the UK due to the COVID-
19 Pandemic. As a result of national lockdowns, university closures and laboratory restrictions due
to social distancing rules, data collection for Experiments 2 and 3 of this thesis was delayed from
March 2020 until October 2021. As a result of the delay in data collection and a subsequent
experiment programming error with less time available to rectify it, the final experiment was
altered to examine individual differences in eye movements in relation to offline reading
comprehension tasks instead of in relation to the large test battery. In addition, University
guidelinesand COVID-19restrictions that were in place in the UK when lockdown measures were
lifted meant that access to university buildings was restricted to an educational context. As such,
testing for the second round of data collection (for Experiments 2 and 3) was limited to a

university student sample.

1.5.2 Experiment 1: Individual Differences in Skilled Reading and the Word Frequency Effect

The first experiment explored patterns associated with individual differences in the eye
movements of average-to-very-skilled readers when presented with words of high and low
frequency. High frequency words appear often within a language and most readers are highly
familiar with them. In contrast low frequency words are less common, and readers will usually be
less familiar with them. For this study, high and low frequency words were matched on length and
embedded into identical neutral (unpredictable) sentence frames, and participants read them
whilst their eye movements were recorded. A robust finding in the literature is that high
frequency words are more easily identified and as a result are read more quickly than low
frequency words (Angele et al., 2014; Rayner & Fischer, 1996; Rayner et al., 1996). Some
individuals will be more familiar with words considered to be low frequency and will therefore

identify them more quickly than others (Ashby et al., 2005; Cop et al., 2015).

In this experiment, participants also completed a test battery of cognitive skill assessments.
Previous research has observed that readers with higher reading abilities in general read low
frequency words more quickly than less skilled readers (Ashby et al., 2005). However, this pattern
has also been associated with other cognitive skills, for example, reading experience (Chateau &
Jared, 2000), spelling (Veldre et al., 2014), vocabulary (Cop et al., 2015), rapid automatized
naming (Kuperman & Van Dyke, 2011) and working memory capacity (Long & Freed, 2021). This
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study examined whether a smaller frequency effect in more skilled readers is related specifically
to readers’ vocabulary knowledge, as identified by Cop et al. (2015), or whether it could also be

predicted by more reading-related skills and cognitive assessments.

1.5.3 Experiment 2: Individual differences and the Transposed Letter Effect during Reading

The second experimental investigation takes a closer look at a specific aspect of word
identification: the flexibility of letter position encoding. Previous research has shown that skilled
readers encode letter positions more flexibly than letter identitie s, for example, during reading, a
word with lettersin transposed positions (mnokey) is less disruptive than a word where the letter
identities are substituted (markey) when it is given as a preview for the target word (monkey)
(Johnson et al., 2007; Johnson & Dunne 2012; Pagan et al., 2016; Kirkby et al., 2022). Letter
position encoding has been found to become more flexible as reading skills develop in studies of
children (Pagéan et al., 2021; Gomez et al., 2021; Hasenacker & Schroeder, 2021). However, it is
not clear whether this process remains variable in skilled readers in relation to individual
differences in reading and cognitive skills, or whether it reaches maturation. Experiment 2
assessed the skills of 100 skilled readers and recorded theireye movements. Sentences presented
to readers contained an identity preview (identical to the target word) or a pseudoword preview
for the target word in which two letters were eithertransposed (cmapus) or substituted (cnupus)
until the readers’ eyes crossed an invisible boundary, which then triggered a display change to
revealthe correct target word (campus). We were interested in whetherreaders’ performance on
offline cognitive skills tasks predicted differences in the magnitude of disruption of a substitute d
letter preview in comparisonto a transposed letter preview. In other words, whether differences
between readersin the flexibility of their letter position encoding processes could be predicted by

their scores on skills assessed by our test battery.

1.5.4 Experiment 3: The Jingle Fallacy in Comprehension Tests for Reading

The final experimental investigation for this thesis moves away from word-level
investigations, to instead focus on how individual differences in offline comprehension tests
predict passage reading patterns. Experiment 3 was directly motivated by findings from the first
two experiments presented within this thesis. Comprehension subtests from the WIAT-II
(Wechsler, 2005) and NDRT (Brown et al., 1993) were notfoundto load on the same factor within
a principal components analysis in either study. This finding suggested that the WIAT-1l and NDRT
reading comprehension tests described distinct underlying skills. Previous research has shown
that comprehension assessments often vary in the constructs that they measure (Cutting &

Scarborough, 2006; Keenan et al., 2008; Kendeou et al., 2012; Méziere et al., 2023). The NDRT is
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widely used to assess reading ability in research investigating individual differences in eye

movements (e.g., Ashby et al., 2005; Chateau & Jared, 2000; Veldre & Andrews, 2017; Andrews &
Veldre, 2021) andis used primarily in the US and Australia, whereas the WIAT-Il is favoured in the
UK and is often used when comparing children and adults eye movement behaviours (Pagan etal,
2021). Itis therefore importantto address how wellaligned the NDRT and WIAT-1l comprehension

subtests are in predicting patterns in the same eye movement data.

Two sets of analyses were conducted on the same eye movement data, each using a
different offline measure of reading comprehension (either WIAT-II or NDRT) for the same
participants. Comprehension measures differed in format and previous studies suggested that
different underlying constructs were assessed by each of them. Individual differences in global
eye movement patterns across the reading of a paragraph were examined in relation to an
experimental manipulation of comprehension demands. Identical passages were presented with
either high or low comprehension demands operationalised by the level of detail needed to
answer multiple choice questions that followed them. We assumed that reading comprehension
tests would be able to predict differences observed in eye movement patterns as a function of

varying comprehension demands.

Previous research has shown that high comprehension demands are associated with more
careful reading behaviours (characterised by longer reading times, more fixations, longer
fixations, shorter saccades and more rereading) compared to low comprehension demands
(Wotschack & Kliegl, 2013). In addition, adults with higher reading skills often read passages more
quickly, than those with lower reading skills (Rayner, 1998; Ashby et al., 2005; Andrews & Veldre,
2021). This experiment aimed to, first, determine whether skilled readers were able to adapt their
reading strategy to read more carefully when comprehension demands were higher. Next, to
examine whether differences in strategy and adaptation over time are predicted by scores on
offline comprehension assessments. And lastly, to consider whether the analyses based on two
comprehension tests (WIAT-1l and NDRT) are qualitatively similar in how they predict
modifications in eye movement behaviour to adapt to changing comprehension demands, as

would be expected if they measured the same construct, i.e., text comprehension.
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Chapter 2 Individual Differences in Skilled Reading and
the Word Frequency Effect
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2.1 Abstract

Variation in eye movement patterns can be considerable even within skilled readers. Here,
individual differences and eye movements of 88 average-to-very-skilled readers were assessed to
examine the reliability of previous observations of a reduced word frequency effect associated
with skilled reading. Shorter fixation durations and higher skipping rates were observed for high
frequency compared to low frequency words. High reading ability and vocabulary knowledge
predicted reduced frequency effects in gaze duration, demonstrated by faster reading of low
frequency words compared to low scorers. A PCA grouped individual differences tests based on
shared variance. High ‘lexical proficiency’ predicted shorter gaze durations, reading times, and
increased word skipping. ‘Lexical proficiency’ and the WIAT-Il comprehension test predicted a
reduced frequency effect in go past times and all tests apart from the NDRT comprehension test
predicted a reduced frequency effect in sentence reading times. Data revealed surprising
discrepanciesin findings based ontwo subtests supposedly measuring comprehension (NDRT and
WIAT-II), constituting an example of the Jingle fallacy: the false assumption that two measures
that share a name actually measure the same construct.

Keywords: individual differences, eye movements, word frequency, lexical proficiency, Jingle
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2.2 Introduction

In this study, we investigate individual differences that appearamong skilled readers. More
specifically, we examine differences in the size of the word frequency effect on eye movements
during reading alongside differences in separate cognitive tasks including vocabulary, spelling,
print exposure and comprehension. The novelty of the current paper lies in the focus on the
frequency effect during reading as a potential indicator of a skilled reader - alongside more
established indicators - given that a comparatively small frequency effect during reading has been

suggested as indicative of better reading skills (Ashby et al., 2005; Haenggi & Perfetti, 1994).

Though skilled readers may perceive reading as almost effortless, reading does actually
involve several complex skills. The Simple View of Reading (Gough & Turner, 1986), states that
reading involves decoding meaning from text (word reading) and comprehension. In addition,
reading fluency (speed of word recognition which allows automatic interpretation of text
meaning, Kirby, 2007) and reading strategies (goal-oriented plans of how to read a text based on
prior knowledge, text complexity and intended depth and breadth of processingi.e., Kirby &
Woodhouse 1994) contribute to reading success. Moreover, much reading instruction and
intervention strategies in the UK focus on phonics instruction, which includes segmenting words
into graphemes, mapping them onto phonemes and blending the sounds, to facilitate word
reading (Department of Education, 2021). Indeed, it is well established that phonological
processing is important when reading alphabetic languages (Rayner et al., 2001; Goswami &
Bryant, 2016; Byrne, 1998). The often-implicit assumption across these skills is that there is an
optimal way in which reading is achieved, and that skilled readers do so in a uniform way

(Andrews, 2012). However, this ignores complex individual differences in skilled reading.

It has been shown that children’s word decoding and reading comprehension are predicted
by different pre-cursor skills (Castles et al., 2018; Bowyer-Crane et al., 2008; Muter et al., 2004).
For example, word recognition was predicted by letter knowledge and phoneme sensitivity,
whereas comprehension was predicted by word recognition skills, vocabulary knowledge, and
grammatical skills in Muter et al.’s (2004) longitudinal study of children’s early reading skills.
Evidently, there is scope for varied interventions to help readers who struggle with different

aspects of reading.

The gold standard in studying reading is to analyse eye movement patterns. These patterns
are considered to reflect cognitive processes active during reading (Liversedge & Findlay, 2000;
Rayner, 1998). The two basic types of eye movements made while reading are fixations, which are

moments where the eyes remain relatively still to acquire new information, and saccades, which
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are rapid, ballistic movements during which visual input is mostly suppressed (see Rayner, 2009
for a review). Fixations typically last 225-250 ms and saccades on average move across 7-9 letters
in English and in similar alphabetic languages (Rayner, 2009). A reader also makes regressions,
where a backwards saccade is made to re-fixate a point in the text previously encountered.
Variation in these eye movement patterns often reflect the characteristics of the written language
or the difficulty of a text. Fixations are longer in duration when processing loads are high, for
example whenreading low frequency words compared to high frequency words (Inhoff & Rayner,
1986). Generally, as a text increases in difficulty, fixation durations increase, saccades become

shorter and more regressions are made (Rayner, 1998).

Importantly, variability in eye movement patterns also corresponds to reader skill. A skilled
reader typically reads more quickly, makes shorter fixations, longer saccades and makes fewer
regressions than beginner, less skilled or dyslexic readers (Rayner, 1998; Ashby et al., 2005).
However, Underwood et al. (1990) demonstrated that there was no direct relationship between
speed and reading skill when the latter was defined as the ability to efficiently extract
information. Highly skilled readers were not necessarily those who demonstrated faster overall
reading rates. A speed-accuracy trade-off exists whereby increasing reading speed eventually
resultsin a decrease incomprehension (Rayneret al., 2016). It is important to note in this context
that in eye movement research, a skilled reader is usually described as one who does not

experience difficulties and the term is often used interchangeably with average reader.

Differences in eye movement behaviour can occur even within groups of skilled readers
(see Andrews, 2012; 2015 for reviews). Fixation durations vary between 50 - 600 ms (sometimes
longer), and saccade lengths vary between 1 - 20 letter spaces (or more) (see Rayner, 2009).
Indeed, fixation durations, saccade lengths and frequency of regressions all vary widely between
readers (Rayner, 1998). Differences are assumed to be quantitative rather than qualitative
whereby all skilled readers use similar reading processes with varying efficiency (Ashby et al.,
2005). Computational models of eye movement control, such as the E-Z Reader (Reichle et al.,
1998; 1999), SWIFT (Engbert et al., 2005), OB1-Reader (Snell et al., 2018) and Uber-Reader (see
Reichle, 2020), each assume that readers use comparable word recognition processes. If
qualitative processing differences were to be found between average and highly skilled readers,

models would need to be adapted.

To investigate variability in skilled readers’ eye movements, research has focussed on
individual differences in related skills, such as spelling, reading comprehension, and working
memory capacity (WMC). In the next section we will discuss the cognitive skills that will be

examined in this paper starting with overall reading ability measures, followed by vocabulary,
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spelling, print exposure and finally rapid automatized naming (RAN) and WMC. For these skills we
will discuss relevant findings, theory where appropriate, and also mention any research that
additionally examined the word frequency effect during reading in combination with testing these

skills.

In general, low frequency words (words that are less commonly occurring within a
language), are read more slowly and skipped over less often than more common, high frequency
words (Angele et al., 2014; Rayner & Fischer, 1996; Rayner et al., 1996; Rayner et al., 2004). This
indicates that individuals have greater familiarity with words that are more common within a
language and can be explained by implicit learning (e.g., Dijkstra & Van Heuven, 2002; McClelland
& Rumelhart, 1981; Morton, 1970). Repeated exposure to common words increases the baseline
activation of that item in the lexicon, moving it towards to the activation threshold for lexical
selection, which means it will be processed and recognised more quickly (e.g., Monsell,1991).
Some individuals will be more familiar with words that are less common within a language and as
mentioned previously, differences in the size of this effect have been linked to individual

differences in reading skill (Ashby et al, 2005) and are a main focus of this paper.

Firstly, reading ability as a whole can be assessed with standardised reading tests which
usually consist of comprehension and vocabulary or other related sub-skills (e.g., word decoding
and naming speed). Ashby et al. (2005) grouped readers into high and average proficiency based
on the Nelson Denny Reading Test (NDRT; Brown et al., 1993) and examined differences in eye
movements during silent reading. They found that highly skilled readers exhibited significantly
shorter fixation durations than average readers and found a trend towards smaller word
frequency effects for highly skilled readers in first and single fixation durations (the duration of
fixations on the target word when the readersfixated the target word exactly once during the first
pass) and a marginally significant interaction in the same direction for gaze duration (total time
spent fixating a word on the first pass). These researchers did not observe much difference in
fixation times on high frequency words when comparing the groups of readers, but there was a
much greater difference in the fixation times on low frequency words. Less skilled readers showed
a proportionately greater cost to reading times for low frequency words. Ashby et al. (2005)
suggested that this may be due to the skilled readers’ greater familiarity with less common words.
They also found that readers spent more time on the next fixation following a low frequency word
(increased spillover effects) compared to a high frequency word when the word is also
unpredictable. Though the findings from Ashby et al. (2005) were based on small groups of
participants (22 per group) and the interactions reported were marginal, the researcher’s claims
have beenvalidated by furtherresearchin the field. The influence of overall reading ability on eye

movement measures (Veldre et al., 2014) and interactions between word frequency and more
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specific cognitive skills associated with skilled reading have been reported (spelling, Veldre et al.,
2014; vocabulary; Cop et al., 2015; print exposure, Chateau & Jared, 2000; rapid automatized

naming; Kuperman & Van Dyke, 2011, working memory capacity, Long & Freed, 2021).

When standardised reading ability tests are included for research purposes, it has been
noted that different cognitive abilities are addressed depending on which specific reading ability
testis selected (Keenan et al., 2008; Kendeou et al., 2012). As a result, inconsistencies in research
based on reading ability measures may arise dependent on whether the selected test includes
specific sub-skills (e.g., word decoding) in addition to comprehension and vocabulary (see Méziére
et al.,, 2023; Cutting & Scarborough, 2006). This is not an uncommon issue in psychological
research, with a large range of different tests available to assess similar constructs, making it

difficult to determine what the optimal test is to study these constructs (Flake & Fried, 2020).

We included overall reading ability measures to compare to the trends reported by Ashby
et al. (2005). Given the different tests available to measure reading ability, we made the rather
unusual decision to include both the NDRT, which is often used in the US and Australia and the
Wechsler Individual Achievement Test (WIAT-II UK; Wechsler, 2005), a normed test based on a UK
adult sample, in the currentstudy. It is important to remember that these tests are developed to
diagnose reading difficulties. There are some notable format differences between these tests. For
example, the NDRT features self-paced silent reading comprehension of non-fiction passages and
a multiple-choice vocabulary test whereas the WIAT-II features a varied reading comprehension
test (featuring single line reading, fiction, and non-fiction paragraph reading, with the option to
read aloud) alongside additional subtests (pseudoword decoding and word reading). Given the
differences between these two reading ability tests and the potential of these differences

impacting our findings, we decided to include both the NDRT and the WIAT-II.

In the context of our second cognitive skill, vocabulary size, and some of the cognitive skills
we discuss below, it is important to discuss the Lexical Quality Hypothesis (Perfetti, 1992; 2007;
Perfetti & Hart, 2002). Perfetti suggested that skilled readers develop high-quality lexical
representations of words that in turn facilitate fast, automatic word recognition. A high-quality
representation is defined as one with precision, redundancy and coherence (Perfetti, 2007). This
meansthat it is represented by precise orthographic information that has little interference from
similarly spelled words, it consistently triggers phonology of the correct word and is related to
specific and redundant semantic information that defines the word. Highly skilled readers have
high quality representations of most words (Andrews, 2008; 2012). Good and poor readers may,
therefore, be differentiated due to the precision of their lexical representations (Perfetti, 2007,

Perfetti & Hart, 2002).
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Lexical quality can be divided into orthographic and phonological representations, of which
spelling and decoding skills are a proxy, and semantic representations, measured by vocabulary
and reading comprehension (Andrews, 2015; Perfetti, 2007). There is an indirect link from reading
skills via lexical quality that may lead to a reduced word frequency effect: Individuals with good
spelling and decoding skills, a larger vocabulary, better reading comprehension and more reading
experience will develop higher quality lexical representations. In turn, they should have greater
familiarity with less common words than the general population and require less time to process

them than individuals who have less experience or are not as proficient in these cognitive skills.

These predictions about vocabulary size were confirmed in a study of monolingual and
bilingual readers reading an entire novel (Cop et al., 2015). For the purpose of this paper, we
focus on their examination of monolingual readers. Cop and colleagues found that vocabulary
knowledge scores (measured by the LexTALE test; Lemhofer & Broersma, 2012) indicated that
readers with a larger vocabulary exhibited smaller frequency effects compared to those with a
smaller vocabulary. This smaller frequency effect was mostly due to comparatively shorter single
fixation durations for low frequency words, similar to the pattern based on NDRT scores from

Ashby et al. (2005) which includes vocabulary and comprehension.

We now turn to the third cognitive skill of spelling. Good spelling in an opaque language
such as English may be a good indicator of precise lexical representations. However, this is not
likely to be the case in transparent languages such as Norwegian or Swedish where phonology
maps onto orthography more directly, meaning unknown words can be more easily spelled (e.g.,
Furnes & Samuelsson, 2010). Within a study by Veldre et al. (2017), better spelling, but not
reading ability (measured by the NDRT) in native English readers, was associated with a reduced
effect of word frequency in gaze duration and total duration of fixations on target words. They
found that, in general, higher spelling ability predicted longer saccades, more word skipping and
landing positions that were furtherinto the target word than low spelling ability but did not affect
fixation times. Skipping probabilities are thought to reflect reaching an advanced stage of word
recognition during parafoveal processing through the processing of the upcoming word viewed in
the parafoveaduring a fixation on the previous word (e.g., E-Z Reader; Reichle et al., 1998; 1999).
Precise lexical representations would therefore lead to rapid word identification during parafoveal
processing, negatingthe needforthe readerto directly fixate an already close -to-being identified
word, and resultin an increased likelihood of word skipping. Increased word skipping predicted by
high spelling scores here is consistent with the idea that good spelling reflects high quality lexical

representations which can be processed efficiently in the parafovea.
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In the same study, Veldre et al. (2017) found that higher reading ability scores also
predicted a reduction in the number of fixations and sentence reading times, smaller fixation
durations and fewer regressions compared to lower reading ability scores but did not influence
the size of the frequency effect. Even though reading and spelling abilities were moderately
correlated in this study, spelling ability predicted differences in eye movements measures that
were not predicted by reading ability, indicating that these skills influence differentaspects of eye
movement control (see also Slattery & Yates, 2017). This is consistent with differential effects of
reading comprehension and spelling ability seen in parafoveal processing (see Veldre & Andrews
2015a; 2015b). Spelling ability is a stronger and more reliable index of lexical precision than
comprehension tests since readers who have poor lexical representations can compensate with
context-based strategies, whereas spelling requires specificword form knowledge (Perfetti, 1992;

Andrews, 2012).

Our fourth cognitive skill concerns print exposure (how much experience an individu al has
of reading novels). Greater reading experience enables readers to develop high-quality lexical
representations which facilitate fast and efficient word recognition processes in skilled reading
(Perfetti, 1985). Chateau and Jared (2000) studied university students with similar comprehension
scores (usingthe NDRT comprehension subtest) but who had different levels of print exposure (as
measured by the Author Recognition Test (ART; Stanovich & West, 1989) and found that students
with higher levels of print exposure were more efficient in naming tasks and in lexical decision
tasks than those with lower levels. They suggested that since the two groups were matched on
comprehension, differences between the groups were due to differences in print exposure rather
than general reading ability. Chateau and Jared (2000) suggested that print exposure increases
general knowledge and enhances word recognition processes as well as contributing to

vocabulary size.

Our fifth cognitive skill is Rapid Automatized Naming (RAN; Denckla & Rudel, 1974). RAN
tasks measure an individual’s ability to name a sequence of repetitive and visually familiar stimuli
(letters, digits, colours or images) quickly and accurately. They are often considered good
measures for predicting reading development. Alphanumeric RAN tasks (letters and digits) in
particular, are often found to be predictive of early reading difficulties compared to RAN objects
and colours (Bowey, 2005). Performance on a RAN task has been found to predict reduced word
frequency effects in single sentence reading for readers who were not college-educated
(Kuperman & Van Dyke, 2011). Kuperman and Van Dyke (2011) also found that faster RAN
predicted smaller fixation durations and a decreased likelihood of regressions and refixations in a

sample of low-to-average-skill readers.
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However, when included in models alongside ART scores, Gordon et al. (2020) found that
faster RAN did not influence the word frequency effect. Higher ART scores were associated with
an increased likelihood of word skipping, shorter gaze durations, and a reduced effect of word
frequency on gaze durations, consistent with Chateau and Jared (2000), whereas faster RAN times
were instead associated with fewer regressions and rereading times and did not mod ulate the
effect of word frequency in any measures. Gordon and colleagues suggested that the RAN and
ART influence different aspects of the word recognition process, with faster RAN indicating
efficient perceptual-motor coordination and attentional processes during reading. It has been
suggested thatthe relationship between RAN and reading reflects phonological processes due to
the oral reading aspect of the task (e.g., Wagner et al., 1994; Torgesen et al., 1997; Clarke et al.,
2005; Ziegler etal., 2010). However, alternative ideas suggest that these observations may be due
to rapid visual processing (originally suggested by Denckla, 1988), general processing speed (e.g.,
Cutting & Denkla, 2001; Powell et al., 2007; Kail & Hall, 1994; Savage et al., 2007; Wolf & Bowers,
1999), or, more recently, automaticity of lexical retrieval (see Jones et al., 2016). Indeed, there is
little consensus about why arelationship between RAN and reading ability may appear (see Kirby
et al., 2010 for a review). The present study includes RAN tasks to investigate their influence on

eye movement patterns when considered alone and alongside other measures.

Finally, a “common cause” variable in the relationship between RAN and reading may be an
individual’s working memory capacity (WMC) (Papadopoulos et al., 2016). Daneman and
Carpenter (1980) suggested that poor readers are characterised by inefficient processing and
storage in WMC. One theory of WMC in reading, the Capacity Theory of Comprehension (Just &
Carpenter, 1992), suggests that each reader has limited resources for storage and processing of
information, and the capacity differs between individuals. When the resources needed to process
information are more than an individual’s capacity allows, processing efficiency is reduced, and
information is lost. Therefore, when processing demands are high or capacity is very low,
comprehension is diminished. Alternatively, Separate-Sentence-Interpretation-Resource (SSIR)
Theory (Waters & Caplan, 1996), suggest that WMC is modular, with one module dedicated to
syntactic processing, and the other dedicated to post-parsing sentences. The theory suggests that
individuals differ only in the capacity of the second module, not the first. Therefore, individual
differences in WMC should appear when looking at late eye movement measures, such as
sentence readingtimes and wrap-up effects, when information is integrated towards the end of a
sentence, especially when sentences are complex. Indeed, readers with smaller WMC have been
found to spend more time re-reading ambiguous regions of a text than readers with larger WMC
when sentences are complex (Clifton et al., 2003). In contrast, Joseph et al. (2015) did not find a

direct influence of WMC on reading times and regression probabilities and number of studies
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have shown that the influence of WMC on reading behaviours is most likely because of shared
variance with other cognitive skills (Hamilton et al, 2013; Traxler et al., 2012; Van Dyke, et al.,
2014). Interestingly, Long and Freed (2021) found that readers with a greater WMC display
smaller differences in gaze durations and sentence reading times for high and low frequency
words than readers with a smaller WMC when considered alongside a large test battery of
individual differences. Further research is therefore needed to assess these findings when

considered alongside individual variation in other cognitive skills.

Our initial approach for the present study aimed to clarify some inconsistencies in research
based on differences in analyses and the selected individual differences tests. We first selected
the most common tasks that prior research had suggested may influence eye movement patterns;
measures of reading ability overall; the NDRT (Brown et al., 1993) and the WIAT-II (Wechsler,
2005), the LexTALE test of vocabulary knowledge (Lemhéfer & Broersma, 2012), spelling (Andrews
& Hersch, 2010), print exposure measured by the ART (Acheson et al., 2008), alphanumeric RAN
(Denkla & Rudel, 1974), and WMC measured by a backwards digit span test (Gathercole et al.,
2004). For simplicity, we will referto the combination of reading skills and more general cognitive

skills tests as cognitive skills.

We next examined separate models in which each test was a single predictor to replicate
previous research based on differences in a single predictor. We assessed individual skills tests as
predictors of shorter gaze durations, a finding associated with skilled reading. Gaze duration was
selected as the dependent eye movement measure in these models to best compare with
previous research (Rayner, 1998). We also examined which tests, if any, predicted comparatively
smaller differences between reading a high vs low frequency word. In our second approach, tests
were grouped into composite scores where variances overlapped using a PCA. This allowed us to
examine which skills were closely related. Finally, factors suggested by the PCA were used to
predict eye movement measures, allowing an investigation of different cognitive skills and their

relationship with eye movements whilst controlling for multicollinearity.

We predicted that, where cognitive tests are considered in separate models, our findings
would replicate previous research that linked high overall reading ability (Ashby et al., 2005),
better spelling (Veldre et al., 2017), large vocabularies (Cop et al., 2015), high print exposure
(Chateau & Jared, 2000; Gordon et al., 2020), faster RAN (Kuperman & Van Dyke, 2011) and larger
WMC (Long & Freed, 2021) to shorter gaze durations and a reduced word frequency effect. We
also expected skills related to lexical quality to be grouped together by PCA (Andrews, 2015;
Perfetti, 2007). We expected lexical quality to be a good predictor of a reduced word frequency

effect as seen in previous research about related skills (spelling; Veldre et al., 2017; vocabulary;
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Cop et al, 2015; print exposure; Chateau & Jared, 2000; Gordon et al.,2020). Since previous
observations of the predictive value of RAN were associated with less skilled populations (e.g.
Kuperman & Van Dyke, 2011), where RAN often predicted reading difficulties (Bowey, 2005) and
was sometimes not found when included alongside measures of print exposure (Gordon et al.,
2020), we hypothesised that the predictive value of RAN times may be secondary to lexical quality
in our sample of average-to-very-skilled adult readers. We made similar predictions about WMC,

due to suggested associations of WMC and RAN (Papadopoulos et al., 2016).

For completeness, we mention three studies that have examined individual differences
within skilled reading in somewhat similar ways. The first was conducted by Kuperman and Van
Dyke (2011) who found that individual differencesin RAN and word identification tests influenced
the magnitude of the word frequency effects om fixation times. They studied a different
population of readers, who were non-college-bound participants from low to average reading
skill, and took a different methodological approach using a corpus of natural sentence reading as
opposed to an experimental design with tightly controlled materials. Kuperman et al. (2018) took
an alternative approach to assessing both reader and text-level characteristics in passage reading
using a Random Forests non-parametric regression technique to predict eye movement patterns
and comprehension accuracy. We also note that different reading tasks were selected for
individual differences measures in both of these studies. Most recently, a study was reported by
Long and Freed (2021) who used test battery data collected by Freed et al. (2017) to predict eye
movement patterns and found that language experience, decoding, and WMC interacted with
word frequency to influence eye movement measures. A key difference in their approach is that
besides a slightly different choice in the individual differences tests they used, they analysed eye
movement data using structural equation modelling whereas this paper uses linear mixed models
on individual trial data. Importantly, separate models were created by Long and Freed (2021) for
the effects of word length and frequency, and predictability was not controlled for. In our design,
words are matched on word length and predictability is controlled, which allows for a more

controlled examination of the word frequency effect.

2.3 Method

23.1 Transparency and Openness

We report our sample size and how it was selected, all data exclusions based on individual
differences and eye movements, all manipulations, and all measures in the study following JARS

(Kazak, 2018). Data were analysed in R (version 4.1.1; R Core Team, 2022) using the Ime4 package
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(version 1.1-27.1; Bates et al., 2015). The study design and analysis were not pre-registered. All
data, analysis code and materials are available at

https://osf.io/fetw4/?view_only=166f33ba5c584b3aal0efd30972840eb

2.3.2 Participants

One hundred participants consisting of students and staff from the University of
Southampton as well as members of the wider community (20 Males, mean age = 22.54, SD =
9.78, range = 18-72) took part in the study. Participants were all native English speakers with
normal or corrected to normal vision and no known reading difficulties. Student participants were
sampled from various courses across the university including psychology, humanities and health
sciences. Participants received either course credits (for psychology undergraduate students) or
£9 for completing the study. A power analysis was conducted via simulations in R (simR, Green &
Macleod, 2016) based on data from the first 10 participants. This revealed that a sample size of
80 participants would be sufficient to achieve 80 % statistical power for our analyses. Data
collection exceeded this target, with a sample of 100 participants. Twelve participants’ data were
removed due to eye tracking errors and/or extreme low scores in reading tasks that may indicate
reading difficulties, meaning that 88 datasets (20 Males, mean age = 22.94, SD = 10.35, range =
18-68) were therefore included in analyses, still above the target sample size indicated by the

power analysis.

233 Apparatus

Participants used a 14-inch Dell Laptop Computer to complete online tests and
guestionnaires during the study. These tests were administered using a web browser running
Qualtrics. A computerised digit span test was administered using Inquisit on a 19-inch DELL
monitor (1024 x 768-pixel resolution). For the WIAT-II (Wechsler, 2005), researchers used the
testing flip-pad, scoring sheets and word/pseudoword cards included in the test pack and a

stopwatch to record reading times.

Participants’ eye movements were recorded during the eye tracking task using an SR
Research Eyelink1000 eye tracker (sampling rate = 1000 Hz, max 0.5° calibration error). Sentences
were presented on an ASUS HD monitor (1024 x 768-pixel resolution) at a viewing distance of
roughly 73 cm to ensure 3 characters equated about 1° of visual angle. Stimuli were presented in

Courier New font. Participants’ head movements were minimised using a chinrest.
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2.3.4 Materials

The study included a battery of tests to assess cognitive skills. Participants were first asked
two questions about their reading behaviour: “How often do you read for work?” and “How often

do you read for leisure?”

2.3.4.1 Reading Ability Tests

Nelson Denny Reading Test (Brown et al., 1993). The vocabulary subtest presented on the
screen was comprised of 80 short descriptions of target words. Participants were asked to select
the most appropriate word or phrase from five options to describe the key word’s meaning. The
reading comprehension subtest required participants to read passages silently before reading and
answering multiple choice comprehension questions (with 5 possible answers) that appeared on
the same page below the text. This subtest was timed allowing participants 10 minutes to
complete it, this is half of the standard time given for this test. This speeded procedure has been
used previously and has proven to produce more normally distributed data than the full-timed
procedure and can therefore obtain increased discrimination between more proficient readers

(Andrews et al., 2020).

Wechsler Individual Achievement Test (WIAT-11 UK; Wechsler, 2005). The word reading
subtest required participants to read aloud a list of real words that increased in difficulty in
pronunciation, the test began with “the” and ended with “hierarchical”. Participant’s progress
was recorded, and testing was discontinued when the participant made six sequential errors. The
pseudoword decoding subtest required participants to read aloud a list of orthographically legal
nonsense words, for example “flimp”. Participants’ progress was recorded and again testing was
discontinued after the participant made six sequential errors. Participants also completed the
reading comprehension subtest, where they read passages of increasing length and complexity
(types of text included short fictional stories, informational text, advertisements, and how-to
passages) aloud or silently before answering literal and inferential comprehension questions
aloud when asked by the experimenter. Scores for these three tests were combined,
standardised, and normed according to WIAT-Il instructions. These normed scores were then used

in all analyses.

2.34.2 Vocabulary Knowledge

LexTALEtask (Lemhofer & Broersma, 2012). An English word or pseudoword was presented

on screen and participants were required to indicate whetherthe word was a real English word or
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a pseudoword. Scoring was an average of the percentage of real words correctly identified and

the percentage of nonwords correctly identified.

2.3.4.3 Spelling

Spelling Dictation and Spelling Recognition (Andrews & Hersch, 2010). In the spelling
dictation task participants listened to recordings of 20 single key words and sentences containing
them. Participants were then asked to write down the key words correctly. In the spelling
recognition task participants were given a list of 88 correctly and incorrectly spelled words and

were asked to select all the words that they identified as being spelled incorrectly.

23.4.4 Print Exposure

Author Recognition Test (Acheson et al., 2008). Participants were given a list of real author
names and foil names. Participants were asked to mark any real authors they were familiar with.

Participants were informed that there were some foil names included in the list.

2.3.4.5 Rapid Automatized Naming

Alphanumeric RAN (Denkla & Rudel, 1974). A series of letters were presented in random
order and participants were required to verbally name the characters as quickly as possible while

being timed by the experimenter. This was then repeated with a series of numbers.

2.3.4.6 Working Memory Capacity

Digit Span Backward (Gathercole et al., 2004). Number sequences were presented on
screen and participants were asked to recall their order in two different tasks: Digit Span Forward
(the participant attempts to repeat digit sequences of increasing length forwards), and Digit Span
Backward (the participant attempts to repeat digit sequences of increasing length backward).

Scores from the largest successful digit span backwards sequence were used in our analyses.

2.3.4.7 Eye Tracking

Participants were required to read sentences on screen while their eye movements were
tracked. Related questions were then presented on the screen and participants were asked to
respond using the keyboard to ensure they were reading for comprehension. Sentences featured
one word that was either low or high frequency (e.g., “gourd” versus “apple”). There were 78 high
and 78 low frequency target words matched on word length. All were nouns with a word length

between four and nine characters (M = 5.40, SD = 0.87). The high frequency words had
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significantly higher Zipf values (Sublex-UK Zipf word frequencies: Van Heuven et al., 2014), (M =
5.28, SD = 0.36) than the low frequency words (M = 3.22, SD = 0.43), t (147) = -32.73, p < .001.
Each pair of target words was embedded in the same neutral sentence frame. Eight participants
who did not take part in the main experiment completed a cloze task: they were provided with
the experimental sentences up to the target word and were asked to provide single words that
could follow this partial sentence. Only 1.28 % of guesses were correct, demonstrating that target
words were not predictable from the initial sentence context. Participants read all 78
experimental sentences, with eitherthe high or low frequency target words in each. Stimuli were
organised across two lists using a Latin square design. Testing began with 12 practice trials with

practice questions. Comprehension questions followed 26 % of the sentences.

235 Design and Procedure

Participants were given an information sheet and consent form. Participants were first
askedto answersome reading background questions. Task order was then randomised apart from
eye tracking which always presented in the middle of testing. Participants were allowed breaks
where needed. Participants were first asked to complete the NDRT, WIAT-II, LexTALE, Spelling,

ART, alphanumeric RAN and backwards digit span tasks.

During the eye tracking task, participants were asked to sit comfortably at the computer,
resting their chin on a chinrest and were guided through the set up and calibration of the eye
tracker by the researcher. Participants were then required to direct their gaze to a fixation cross
presented onthe left of the screen. When ready, sentences were presented following the fixation
cross. Participants were asked to read and answer questions presented on the screen using the
keyboard to respond to ensure they were reading for comprehension. Participants could take

breaks when needed.

2.4 Results

24.1 Analytic Approach

Our analyses were organised into three stages: First, separate models predicting gaze
durations were examined for each individual difference test to assess whether findings replicate
previous research which often included only one of these tests. Second, a principal components
analysis was performed to determine which tasks load together. This stage identified two
components which were extracted and used as composite scores in subsequent models. Third,

GLMM models were tested to examine eye movement measures (word skipping probabilities, first
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fixation durations (FFD), single fixation durations (SFD), gaze durations (GD), go past times and
sentence reading times) and whether they may be predicted by the following fixed factors: the
two identified components (PC1 and PC2), two reading comprehension subtests (from the NDRT
and WIAT-II), and a word reading subtest (from the WIAT-II), word frequency, saccade launch site
and trial number. Two-way interactions between a single individual differences score (PC1, PC2,
NDRT comprehension, WIAT-1l comprehension or WIAT-Il word reading) and target word

frequency were also considered.

2.4.2 Individual Differences Tests

An overall spelling score was calculated as an average of the two subtests, spelling
recognition and spelling dictation (see Andrews & Hersch, 2010). The backward version of the
digit span was taken as an overall score (see Gathercole et al., 2004). Overall scores for the NDRT
were calculated as an average of comprehension and vocabulary subtest scores. Overall WIAT-II
scores were calculated using the age adjusted scoring materials provided which resulted in
numerical scores as well as categorical assessments of reading proficiency (Borderline/ Low
Average/ Average/ High Average/ Superior). For the purpose of examining these tests as
predictors of eye movements, in light of their use in previous research, overall composite test
scoreswere used for models which included only one test as a predictor. However, for the PCA, it
is more appropriate to consider the cognitive skills that are included within reading ability tests
separately, therefore, for our PCA and subsequent GLMMs, subtests from the WIAT-1l and NDRT
were included instead. These consisted of reading comprehension (WIAT-1l and NDRT), word
reading (WIAT-II), pseudoword decoding (WIAT-I1), and vocabulary (NDRT). Outliers were
examinedforeach test and as mentioned 12 participants were removed due to very low scores on
one or more measures?®. Of this 12, two were also flagged due to technical difficulties during eye

tracking. Descriptive statistics for scores on each test are summarised in Table 2.1.

1 WIAT-Il comprehension (2 outliers), NDRT comprehension (1 outlier), NDRT Vocabulary (2 outliers), WIAT-
Il word reading (2 outliers), WIAT-Il pseudoword reading (2 outliers), LexTALE (4 outliers), Spelling (2
outliers), RAN (2 outliers), ART (1 outlier.
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Table 2.1

Descriptive Statistics for Tests and Subtests (ms)

Min Max Mean SD
NDRT Total 46.00 149.00 99.04 18.84
NDRT Comprehension 10.00 72.00 33.04 12.91
NDRT Vocabulary 28.00 79.00 66.00 9.11
WIAT-II Total 75.00 127.00 107.04 11.66
WIAT-1l Comprehension 65.00 125.00 104.06 15.92
WIAT-1l Pseudoword Reading  70.00 118.00 102.49 9.90
WIAT-II Word Reading 85.00 121.00 110.02 6.81
LexTALE 65.00 97.50 88.78 7.10
Spelling 29.98 60.52 41.19 6.01
Author Recognition Test -6.00 37.00 10.88 7.94
Rapid Automatized Naming 29.98 60.52 41.19 6.01
Digit Span test 3.40 10.83 6.01 1.35

243 Eye Tracking Analyses

Comprehension accuracy during the eye tracking task was very high (mean accuracy =
95.6%). Trials with blinks on the target word or featuring tracking loss were removed prior to
analysis. Fixations shorter than 80 ms that were made within one character of a previous or
subsequent fixation were merged. Afterwards, remaining fixations shorter than 80 ms and longer
than 800 ms were removed, Trials that consisted of fewer than 3 fixations across the sentence
were also removed. This stage of data cleaning removed 0.18% of data. Trials where the target
word was skipped were removed foranalyses based on fixation times. This stage removed 6.26 %
of data for the fixation time analyses. Dependent variables were then calculated; first fixation
durations (FFD), single fixation durations (SFD), gaze durations (GD), go past times (GOPAST),
sentence reading times and word skipping probabilities. When calculating these eye movement
measures, datafalling outside of 3 standard deviations from the mean for each participant within
a condition (high and low frequency) were removed (SFD; 2.18 %, FFD; 2.12 % GD; 2.83 %, go past
times; 2.74 %, Sentence reading times; 1.96 %). Descriptive statistics based on participant means

for these measures are displayed in Table 2.2 below.
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Table 2.2

Descriptive Statistics for Eye Movement Measures (ms)

Condition Min Max Mean SD
SFD HF 132.81 277.71 204.65 27.84
LF 140.21 312.29 232.86 36.76
FFD HF 131.80 280.28 204.50 27.46
LF 143.68 324.41 229.66 34.66
GD HF 135.53 313.12 217.83 33.22
LF 156.97 420.68 258.01 48.31
GOPAST HF 135.53 313.12 272.18 36.20
LF 156.97 442.29 282.34 53.29
Sentence Reading Times HF 1324.27 4321.74 2587.02 612.67
LF 1224.90 4779.45 2693.63 657.91
Skipping Probability HF 0.00 0.49 0.22 0.12
LF 0.00 0.42 0.14 0.11

Note. Means and SDs are calculated based on participant means per condition.

2.4.3.1 Generalized Linear Mixed Models

A gamma distribution was used for all Generalized Linear Mixed Models (GLMM), following
guidance for analysing skewed reaction time data without transformation (see Lo & Andrews,

2015) with participants and items as random factors.

2.4.3.2 Models with Single Test Predictors

Separate GLMMs were conducted to model each test focusing exclusively on gaze
durations. Fixed factors included the test score measuring the cognitive skill in question, word
frequency and the interaction of the test score with word frequency, as well as trial number and
launch site. Trial numberwas neverfound to be significant in any model and did not contribute to
the modelfit and was therefore never included in final models. Launch site indicates the distance
from which a saccade was launched prior to the target word. Previous research has documented
that when a saccade is launched close to a target word, fixation times are often reduced and
skipping rates increase (Pollatsek et al., 1986). The following procedure was followed to obtain
the final model (see also Dirix & Duyck, 2017). The random effects structure started with
intercepts only for subjects and items. The fixed structure was trimmed backwards by removing
an interaction or fixed factor and using pairwise chi-square model fit comparisons to determine
whether this removal negatively influenced the model fit. However, we always maintained the

test itself as fixed factor given that this was the focus of the analysis. Following this, the random
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effects structure was forwards fitted to find the largest possible structure that converged again
using pairwise chi-square model fit comparisons to see if an extra parameter added to the fit of
the model. Once the maximal random effects structure possible had been established?, we finally

checked whether parameters in the fixed structure could be removed.

Modeloutputs are presented in Table 2.3 below. Adjusted p values to account a heightened
false-discovery rate for multiple comparisons are presented. Gaze Duration models consistently
revealed that high frequency words received significantly shorter gaze durations than low
frequency words and that saccades launched from a position close to the target word were
significantly more likely to result in shorter gaze durations on the target word. Analyses revealed
that - when considered in separate models - high scores in the NDRT, WIAT-II and Spelling tests
predicted shorter gaze durations than low scores. After correcting for multiple comparisons, the
main effect of LexTALE scores on gaze durations was marginal. NDRT, WIAT-Il and LexTALE-
models revealed that scores on these tests significantly moderated the impact of word frequency
on gaze durations. High scorers on these tests were not slowed down as much as low scorers
when encountering a low frequency word within a sentence (see Figure 2.1). Note that scores on
both reading ability tests are composites of two or more subtests, the NDRT is comprised of
comprehension and vocabulary and the WIAT-II includes comprehension, word reading and
pseudoword decoding. It was therefore unclear whether comprehension or other skills included in

these composites were key in driving the effects found in these models.

2 The final random effects structure for the WIAT-Il model was target word frequency and saccade launch
site as slopes for subjects, and target word frequency and WIAT-II Scores as slopes for stimuli. For the final
NDRT model the random effects structure was target word frequency and saccade launch site as slopes for
subjects, and target word frequency and NDRT Scores as slopes for stimuli. For the LexTale model the final
random effects structure included target word frequency as a slope for subjects, and target word
frequency, LexTale Scores + saccade launch site as slopes for stimuli. For the spelling model the random
effects structure was target word frequency and saccade launch site as slopes for subjects, and target word
frequency and spelling scores as slopes for stimuli. For the ART model the random effects structure included
target word frequency as a slope for subjects, and target word frequency, ART Scores and + saccade launch
site as slopes for stimuli. The random effects structure for the final RAN model was target word frequency
as a slope for subjects, and target word frequency, RAN scores and saccade launch site for stimuli. Finally,
the maximal random effects structure for the backwards digit span model included target word frequency
as a slope for subjects and target word frequency, backwards digit span scores and + saccade launch site as
slopes for stimuli.
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Table 2.3

GLMMis to predict Gaze Durations (ms) where Models included a Single Test Predictor

Est SE t p
WIAT-II Intercept 248.00 453 54.81 <.001 ***
Word Frequency (LF-HF) -43.11 3.81 -11.30 <.001 ***
Launch Site 4.76 0.76 6.30 <.001 ***
WIAT-II Overall Score -12.64 429 -295 .004 **
WIAT-Il Overall Score * Word Frequency 11.61 3.99 291 .004 **
NDRT Intercept 248.47 5.01 49.64 <.001 ***
Frequency -42.84 446 -9.62 <.001 ***
Launch Site 4.84 0.76 6.36  <.001 ***
NDRT Overall Score -21.64 5.77 -3.75 <.001 ***
NDRT Overall Score * Word Frequency 10.84 417 2.60 .011 *
LexTALE (Intercept) 245.67 4.25 57.78 <.001 ***
Word Frequency (LF-HF) -43.12 3.89 -11.07 <.001 ***
Launch Site 4.24 0.57 7.42  <.001 ***
LexTALE -7.91 3.99 -1.98 .055.
LexTALE * Word Frequency 8.95 415 2.16 .037 *
Spelling Intercept 247.79 453 5475 <.001 ***
Word Frequency (LF-HF) -42.23 4.05 -10.44 <.001 ***
Launch Site 4.82 0.75 6.43  <.001 ***
Spelling -13.06 420 -3.11 .003 **
Spelling * Word Frequency 4,98 3.94 1.27 212
ART Intercept 24534 471 52.06 <.001 ***
Word Frequency (LF-HF) -41.64  4.21 -9.88 <.001 ***
Launch Site 4.17 0.59 7.13  <.001 ***
ART -7.77 3.98 -1.95 .058.
ART * Word Frequency - - - <.001 ***
RAN Intercept 24498 4.48 54.73 <.001 ***
Word Frequency (LF-HF) -41.34 498 -830 <.001 ***
Launch Site 4.18 0.58 7.26 .004 **
RAN 3.45 3.98 0.87 .004 **
RAN * Word Frequency - - - <.001 ***
Backwards  Intercept 245.02 4.64 52.77 <.001 ***
Digit Span Word Frequency (LF-HF) -42.12  4.04 -10.42 <.001 ***
Launch Site 4.11 0.58 7.14 <.001 ***
Backwards Digit Span -6.15 381 -161 .011*
Backwards Digit Span * Word Frequency 5.15 3.32 155 <.001 ***

Note. Significance is denoted by * < .05, ** < .01, *** < .001. p values are adjusted for multiple

comparisons via Benjamini and Hochberg’s (1995) false-discovery rate correction.
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Figure 2.1
The Effect of Word Frequency on Gaze Durations (ms) Moderated by LexTALE, WIAT-1l and NDRT
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2.4.3.3 Principal Components Analysis

As mentioned previously, WIAT-Il and NDRT subtests were included separately when
assessing grouping variables via principal components analysis. Scores on all tasks within the test
battery were centred to allow comparisons to be made. Correlations between all tests within the
test battery are presented in Table 2.4. Tests were moderately positively correlated, except for
RAN and backwards digit span tests where smaller correlations were observed. A PCA was
conducted on all tests and subtests to identify which tests loaded together. This procedure was
used to decompose the correlation matrix and reduce the dimensions for further analysis. Two
principal components were identified using parallel analysis which calculates adjusted eigenvalues
for the data based on random noise expected via a simulated parallel dataset (Horn, 1965; see
Figure 2.2). This method provides guidance about which components should be accepted for
interpretation and further analyses. Principal components which fall above the mean of the

random eigenvalues generated by the simulated data should be retained. The two components
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that meet this criterion in our data (PC1 and PC2) collectively contributed 49.23 % of the variance
within the data. An individual test loading on a component was considered important if its
contribution exceeded 10 % (expected average contribution calculated from 1/number of

variables = 1/10).

PC1 was explained by the vocabulary subtest from the NDRT, Spelling, ART, LexTALE and
the pseudoword decoding subtest of the WIAT-II (see Figure 2.3). This component uniquely
contributed 35.40 % of the variance. We suggest that these tests are related to lexical quality
(Perfetti, 2007) though we will refer to them as ‘lexical proficiency’ to avoid confusion with the
theoretical construct. PC2 was explained predominantly by the RAN and to a lesser extent the
backwards digit span task, and uniquely contributed 13.83 % of the variance (see Figure 2.4). RAN
tasks have been interpreted as an index of general processing speed in cognitive tasks (e.g.,
Cutting & Denkla, 2001; Powell et al., 2007; Kail & Hall, 1994; Savage et al., 2007; Wolf & Bowers,
1999). Working memory is often suggested to be a “common cause” variable in the relationship
between RAN and reading (Papadopoulos et al., 2016). Therefore, the assumption that working
memory is related to the RAN when predicting reading ability is supported by the finding that they
load together on this component. The remaining tests fell outside of these two components and
were considered separately in subsequent analyses. Surprisingly, the two comprehension subtests
(NDRT and WIAT-II) were not found to load on the same component. We will return to this issue

in the general discussion.



Table 2.4

Correlations between Subtests

WIAT WIAT
Pseudoword Word Spelling  ART LexTALE Digit Span
Decoding Reading

NDRT NDRT WIAT
Comprehension Vocabulary  Comprehension

NDRT Vocabulary 0.36%**

WIAT-Il Comprehension 0.21 0.51%*

\é\gf;'i'nzse”doword 0.13 0.30%* 0.22%*

WIAT-Il Word Reading 0.25* 0.32 0.12 0.44%**

Spelling 0.38*** 0.48*** 0.27* 0.47*** 0.33**

ART 0.22* 0.58%** 0.36*** 0.35%** 0.24* 0.51***

LexTALE 0.19 0.48*** 0.29** 0.33** 0.43*** 0.41*%**  0.36***

Digit Span 0.08 0.22* 0.08 0.15 0.14 0.30** 0.06 0.16

RAN 0.11 0.07 -0.17 -0.27* 0.00 -0.15 0.10 -0.20 -0.24*

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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Figure 2.2

A Plot of Principal Components Identified within the Full Test Battery using Parallel Analysis
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Note. Random Ev (blue) refer to randomly generated eigenvalues from a simulated parallel
dataset. Unadjusted Ev (red) are the eigenvalues given by the real data. Adjusted Ev (black) show
these eigenvalues adjusted to account for expected noise in the data, filled points on this line
represent principal components which fall above the mean of the random eigenvalues (1), these

components are retained for further analysis.
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Figure 2.3

Individual Contributions of Each Individual Differences Measure on PC1
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Note. The dotted line represents the expected average contribution (10 %). A contribution above

this line is considered important in explaining the component.
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Figure 2.4

Individual Contributions of Each Individual Differences Measure on PC2
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Note. The dotted line represents the expected average contribution (10 %). A contribution above

this line is considered important in explaining the component.

2.43.4 Analysis of Grouping variables

GLMMs were conducted for FFD, SFD, GD and go past times using a gamma distribution (as
used in the single predictor models as well) with participants and items as random factors.
Skipping probabilities were modelled via GLMMs with a binomial distribution. Model trimming
followed the same procedure as for the single test models. First, models included all fixed effects:
word frequency, trial number, launch site, PC1, PC2, the reading comprehension subtests NDRT

and WIAT-II, the word reading subtest of the WIAT-Il and two-way interactions between each
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individual differences test and word frequency (three-way interactions never contributed to the
fit). Model comparison Chi-square tests were conducted to investigate whether non-significant

fixed effects or interactions could be trimmed without reducing the model fit.

Next, we began to build up the random effects structure to find a converging model closest
to the maximal model. Random effects were forward fitted, adding slopes in order of theoretical
importance, starting with word frequency, the individual difference test, launch site and trial
number. These effects were retained if they contributed to the model fit. Finally, we examined
whether any non-significant fixed effects could be trimmed again. Final random effects structures
were as follows. The SFD modelincluded frequency as a slope forsubjects, and frequencyand PC1
scores as slopes for stimuli. The FFD modelincluded frequency and saccade launch site as slopes
for subjects, and frequency, PC1 scores and saccade launch site as slopes for stimuli. The GD
modelincluded frequency and saccade launch site as slopes for subjects, and frequency and PC1
scores as slopes for stimuli. The GOPAST model included saccade launch site as a slope for
subjects, and frequency and WIAT-1l comprehension scores as slopes for stimuli. The Skipping
modelincluded saccade launch site and trial number as slopes for subjects, and saccade launch
site as a slope for stimuli. The sentence reading time model featured an intercept only random

effects structure for subjects and stimuli.

Focusing first on the main effects, models revealed that low frequency words received
longer first and single fixations, gaze durations and go past times and a lower likelihood of being
skipped than high frequency words (Table 2.5 and Table 2.6). In line with previous research
(Pollatsek et al., 1986), when saccades were launched nearby the target word, it was
subsequently fixated for shorter durations (FFD, SFD, GD and go past times) and skipped more
often. Participants who scored highly in tests associated with PC1 had shorter gaze durations and
go past times, and more word skipping than participants with lower scores?. High scores on the

WIAT-1l word reading subtest were associated with shorter go past times than low scores.

Turning to the interactions, we found that scores associated with PC1, and WIAT-II
comprehension influenced the relationship between word frequency on go past times.
Participants who scored highly in the tests associated with PC1 were less negatively impacted by a
low frequency word embedded within a sentence than low scorers (see Figure 2.5). High scorers

on the WIAT-1l comprehension test also exhibited smaller differences in go past times between

3 For clarity, PC1 was negatively associated with the vocabulary subtest from the Nelson Denny Reading
Test, Spelling, ART, LexTALE and the pseudoword decoding subtest of the WIAT-II. As such, results in Table 5
and 6 demonstrate that higher PC1 scores are associated with longer gaze durations, go past times,
sentence reading times and increased skipping probabilities.
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high and low frequency words than those with low scores. However, we observe that go past
times for low frequency words were fairly stable across WIAT-Il comprehension scores, and
instead, we see shorter go past times for high frequency words read by low scorers. The
difference here is unexpected and does not fit the pattern we find for WIAT-Il overallscores when
modelled separately on gaze durations (Figure 2.1) or for WIAT-Il comprehension in sentence

reading times, as we will discuss next.

Sentence reading times were included in analyses since previous studies have indicated
that some individual differences are more closely related to late eye movement measures. Better
spellers make longersaccades and better comprehenders read sentences more quickly and make
fewer fixations (Veldre et al., 2017), those with a faster RAN score make fewer regressions and
refixations (Kuperman & Van Dyke, 2011), and those with a large WMC display shorter sentence
reading times (Long & Freed 2021). Sentence reading time models included these fixed effects:
word frequency, trial number, PC1, PC2, the reading comprehension subtests NDRT and WIAT-II,
the word reading subtest of the WIAT-II and two-way interactions between each individual
differences test and word frequency and were built using the procedure described for previous
eye movement models. Results revealed that a low frequency word embedded within a sentence
significantly slowed the total reading time of that sentence (Table 2.7). Trials occurring later
during testing featured shortersentencereading times than earlier trials. Participants who s cored
highly in tests associated with PC1 and PC2, and also in NDRT comprehension, WIAT-II
comprehensionand word reading subtests read sentences more slowly than low scorers on these
tests. Participants who scored highly in the tests associated with PC1, PC2, WIAT-II
comprehension and WIAT-Il word reading tasks were also less slowed down by a low frequency

word in sentence reading times (see Figure 2.6).
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Table 2.5

GLMMs with Multiple Test Predictors to predict Skipping Probability, First Fixation Durations (ms) and Single Fixation Durations (ms)

Skipping Probability FFD SFD

Est SE t p Est SE t P Est SE t p
Intercept -2.67 0.17 -15.41 <.001*** 220.57 354 62.31  <.001*** 224.69 4.52 49.67  <.001***
Frequency 0.68 0.08 8.70 <.001**+ -24.81 3.76 -6.60 <.001*** -29.19 4.17 -7.00 <.001***
Trial Number 0.00 0.00 1.73 .083 - - - - - - - -
Launch Site -0.54 0.04 -13.81 <.001**+ 1.48 0.62 2.38 .017+ 1.86 0.42 4.45 <.001x**
PC1 -0.17  0.06 -2.85  .004+~ 1.75 204 0.86 .392 - - - -
PC2 - - - - - - - - - - - -
NDRT Comprehension - - - - - - - - - - - -
WIAT-II

Comprehension
WIAT-Il Word Reading
Frequency * PC1

Frequency * PC2

Frequency * NDRT
Comprehension

Frequency * WIAT-II
Comprehension

Frequency * WIAT-II
Word Reading

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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Table 2.6

GLMMs with Multiple Test Predictors to predict Gaze Durations (ms) and Go Past Times (ms)

GD GOPAST

Est SE t p Est SE t p
Intercept 245.87 3.85 63.94 <.001*** 25326 4.51 56.11  <.001***
Frequency -41.50 3.78 -10.97 <.001*** -43.27 3.35 -12.91 <.001***
Trial Number - - - - - - - -
Launch Site 4.82 0.76 6.38 <.001*** 5.73 0.73 7.83 <.001***
PC1 5.15 2.23 2.31 .021* 11.61 2.73 4.26 <.001***
PC2 - - - - - - - -
NDRT Comprehension - - - - - - - -
WIAT-Il Comprehension - = = = 411 4.28 0.96 .337
WIAT-Il Word Reading = = = = 9.81 4.72 2.08 .038*
Frequency * PC1 = = = = -4.19 1.24 -3.39 <.001***
Frequency * PC2 > - - - - - - -
Frequency * NDRT i i i i i i i i
Comprehension
Frequency ™ WIAT-I i i i 586 263 223  .026*

Comprehension

Frequency * WIAT-II
Word Reading

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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Figure 2.5

Chapter 2

The Effect of Word Frequency on Go Past Times (ms) as a Function of PC1 and WIAT-II
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Table 2.7

PC1 Scores

GLMM with Multiple Test Predictors to predict Sentence Reading Times (ms)

Est SE t p
Intercept 3040.72 1.37 2226.43 <.001***
Frequency -118.93 1.36 -87.27 <.001***
Trial Number -4.39 0.15 -29.19 <.001***
PC1 92.14 131 70.12 <.001***
PC2 -41.07 1.88 -21.81 <.001***
WIAT-II Comprehension -30.78 1.23 -24.99 <.001***
WIAT-Il Word Reading -20.07 1.62 -12.38 <.001***
NDRT Comprehension -113.07 1.42 -79.68 <.001***
Frequency * PC1 -11.94 1.39 -8.58 <.001***
Frequency * PC2 11.83 1.46 8.11 <.001%**
Frequency * WIAT-Il Comprehension 17.30 2.45 7.07 <.001***
Frequency * WIAT-Il Word Reading 20.96 1.47 14.29 <.001***

Frequency * NDRT Comprehension -

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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Figure 2.6
The Effect of Word Frequency on Sentence Reading Times (ms) as a Function of PC1, PC2, WIAT-II
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2.5 General Discussion

Our approach to assessing the influence of individual differences on the effect of word
frequency consisted of first examining separate models in which each test was a single predictor —
besides word frequency and the interaction - to allow fora more straightforward comparison with
the existing literature. Tests were then grouped based on overlapping variance using a PCA.
Finally, eye movement patterns were modelled using these factors alongside individual tests that
were not grouped as predictors. Predictions, besides upholding classic main effects related to
word frequency and saccade launch site, were first that when cognitive tests are considered in
separate models our findings would replicate previous research that linked high NDRT scores
(Ashby et al., 2005), large vocabularies (Cop et al., 2015), better spelling (Veldre et al., 2017), high
ART scores (Chateau & Jared, 2000; Gordon et al., 2020), faster RAN (Kuperman & Van Dyke,
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2011) and larger WMC (Long & Freed, 2021) to smaller gaze durations and a reduced word
frequency effect. Secondly, we predicted that skills associated with lexical quality (vocabulary,
spelling, print exposure, comprehension and decoding) would be grouped together in the PCA.
Finally, in models with multiple cognitive skill predictors, we expected high scores in a factor
associated with lexical quality to predict a reduced word frequency effect as seen in previous
research (Veldre et al., 2017; Cop et al, 2015; Chateau & Jared, 2000; Gordon et al.,2020). This
latter finding would be due to greater familiarity with low frequency words in line with the Lexical
Quality Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002). Other cognitive skills (RAN and

WMC) were also included to allow for a comparison with previous studies.

Before delving into these three analytic approaches, we mention that throughout our
analyses all models showed the well-documented effect of word frequency on eye movement
measures (Rayner & Fischer, 1996; Rayner et al., 1996, Rayner et al., 2004), whereby high
frequency words received shorter fixation times and were more likely to be skipped than low
frequency words. In addition, all models for word-level measurements (fixation durations, gaze
durations, go past times and skipping probabilities) demonstrated that when saccades were
launched close to the target word, it was subsequently fixated for shorter durations and skipped

more often, again in line with previous research (e.g., Pollatsek et al., 1986).

2.5.1 Models with Single Test Predictors

Simultaneously considering multiple models with single test predictors for a single
dependant variable is likely to increase Type | error rates (von der Malsburg & Angele, 2017). For
this reason, we opted to follow Schmidtke et al., (2018) in utilising a false-discovery rate
correction (Benjamin & Hochberg, 1995) to account for multiple comparisons at this stage of
analysis. Following such corrections, fixed effects were subsequently only considered to be
significant if the adjusted p-value (reported in Table 2.3) was below the p <.05 threshold. The
main effect of LexTALE scores on gaze durations was found to be marginal following correction for
multiple comparisons in these analyses. Future research may instead consider an alternative
approach, for example a Random Forests technique (Matsuki et al., 2016), in which multiple

comparisons do not present issues with inflated Type | error rates.

Our first prediction was partially supported by models with only one cognitive test as a
predictor, in that shorter gaze durations were associated with high scores in both overall reading
ability tests (NDRT and WIAT-II) and spelling. These findings are consistent with the idea that
shorter gaze durations are associated with betterreaders compared with average readers (Ashby

et al, 2005). However, shorter gaze durations were not predicted by faster RAN or higher scores
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on the backwards digit span task, suggesting that efficient word identification is facilitated more
by top-down processes related to comprehension and word knowledge than bottom-up processes

related to WMC and faster processing of single characters.

In addition, we replicated previous research that linked high reading abilities (Ashby et al.,
2005) to a reduced word frequency effect and partially replicated research based on large
vocabularies (Cop et al., 2015) 4. Both overall reading ability measures, the NDRT and WIAT-1l and
the LexTALE task moderated the impact of the low frequency word on reader’s gaze durations.
High scorers on these tests were not slowed down by a low frequency word as much as low

scorers were.

Focusing on vocabulary as measured by the LexTALE, Cop et al. (2015) analysed eye
movements of English-speaking monolinguals when reading an entire book (this was a baseline to
compare with bilinguals, who read half of the book in their first language and half in their second
language). Although patterns in data here and from Cop and colleagues are qualitatively similar,
we identified some challenges when comparing them. First, the current study experimentally
embedded high and low frequency words into single sentence frames and generated a high
degree of statistical power through a large sample of subjects to examine individual differences.
In contrast, Cop et al. (2015) examined differences in naturally occurring word frequencies in
paragraphs within a novelforthe GECO corpus (Cop et al., 2017). They tested just 14 monolingual
participants, and in their study, it was the volume of reading material that generated strong
statistical power. Previous research has indicated that reading single sentences can produce quite
different patterns in reading behaviour compared to reading paragraphs. Radach et al. (2008)
demonstrated that frequency effects are more pronounced when reading sentences rather than
passages. We exercise caution when comparing these findings directly as discrepancies may be
due to differencesin reading material format, however we must point out that trends in the data

are fairly consistent.

We also considered the finding from Ashby et al. (2005) that readers with high reading
proficiency scores based on the NDRT exhibited smaller word frequency effects compared to
readers with average proficiency scores. In their study, simple effects revealed that average
scorerson the NDRT based on percentile scores (ranging from the 6% to the 70" percentile with a

mean at the 40 percentile) showed an effect of word frequency on gaze durations (i.e., LF words

4 Cop et al. (2015) observed the interaction between LexTALE and word frequency in SFDs rather than GDs.
SFD analyses in the current study did not reveal a significant main effect of the LexTALE (t=-0.51, p=.612)
or any effect of the LexTALE on the relationship between word frequency and SFDs (t = 1.45, p = .146).

There were clear effects of word frequency (t = -7.68, p < .001) and saccade launch site (t=3.92, p <.001).
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received longer gaze durations than HF words) whereas high scorers (scoring above the 74®
percentile with mean at the 88t percentile) did not. In our data, NDRT scores were found to
significantly predict differences in gaze durations, consistent with Ashby et al. (2015). When
individuals had higher scores on this test, their gaze durations on target words were shorter. The
interaction between word frequency and proficiency as established by the NDRT reported by

Ashby et al. (2005) was also observed in our data.

The WIAT-II followed similar patterns, high scores on this reading ability test were
associated with shortergaze durations in generaland were lessimpacted by low frequency words
than low scorers were. Since scores on both the NDRT and WIAT-Il are composites of two or more
skills, it wasimportant to break these down into subtests in the PCA to observe which underlying

skills were grouped together and which were key in driving the reduced word frequency effect.

Next, we consider spelling. As part of a study looking at spaced vs unspaced text, Veldre et
al. (2017) observed that in normally spaced text, higher spelling ability predicted smaller fixation
durations and a reduced frequency effect on all duration measures. In our sample, we found that
highly skilled spellers had significantly shorter gaze durations than less skilled spellers, but spelling
ability was not found to predict differences in the size of the frequency effect (though trends
were in the same direction as Veldre et al., 2017). This discrepancy may be down to a difference
in modelling as Veldre and colleagues included NDRT scores within the same models as spelling,
whereas we (initially) report models with single predictors, in this case spelling. The influence of
spelling ability on gaze durations supports the Lexical Quality Hypothesis (Perfetti, 1992; 2007;
Perfetti & Hart, 2002) in that higher quality lexical representations appear to result in more
efficient word processing (measured by gaze durations, Rayner, 1998). When considering word
frequency, itis not a prerequisite of a good speller to be more familiar with low frequency words,
though spelling ability and vocabulary size are often correlated. Therefore, we demonstrate the
distinction between high spelling abilities and large vocabularies in this research. Though a good
speller may process all words more efficiently than a poor speller, a larger vocabulary may be a

better predictor of more efficient processing of less common words in particular.

As predicted by previous findings from Moore and Gordon (2015), individuals with higher
ART scores had shorter gaze durations in our eye tracking task, which is consistent with the idea
that greaterexperience leads to more efficient word processing. Print exposure measured by this
test has also been previously linked to higher reading ability and a reduced effect of word
frequency on gaze durations (Moore & Gordon, 2015). However, an interaction between ART
scores and word frequency was not replicated in our data. Kuperman and Van Dyke (2013) offer

an explanation for a null effect of print exposure on the size of the word frequency effect. They
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observedthat when printexposure is matched, differences in eye movements in response to high
and low frequency words stilloccurred (Kuperman & Van Dyke, 2013). The authors suggested that
it may not be as simple as measuring the amount of exposure to words that determines greater
guality lexical representations — but rather that highly skilled readers are better at utilising

experience with words to create high-quality lexical representations. This distinction is likely to be

subtle in the literature since this ability often correlates with print exposure.

In addition, we note that there are some differences in our sample of readers compared to
the sample that the ART was based on for the UK (Acheson et al., 2008). One discrepancy is that
ART scoresin the currentstudy (M= 11.04, SD = 7.83) were much lowerthan scores in the sample
from Acheson et al. (2008), when this test was adapted for UK use (M = 22.7, SD = 10.8). Moore
and Gordon (2015) note that the ART is less effective at discriminating differences for lower
scores. They also suggested authors appearing on the ART created in 2008 may be somewhat out
of date, and therefore may be less useful for determining print exposure for the college-aged
samples in 2023°. We agree and also propose that in all likelihood it is now increasingly possible
to be a voracious reader without reading printed books due to the accessibility of online text.
Researchers should consider improvements suggested by Moore and Gordon (2015) when

considering the ART for future experiments.

In the RAN and digit span models, there were no significant effects related to the test or
interactions of the test with word frequency. RAN tasks have most often been associated with
later effects in the eye movement record during reading experiments in previous research, such
as refixations on words and second pass reading times of whole sentences (Gordon et al., 2020),
therefore this outcome is not totally unexpected (although sentence reading times have the
potential to unveil later effects and were predicted by PC2 (which included these measures) in
later analyses. We return to this in later sections). However, WMC has previously been linked to a
reduction in the word frequency effect in gaze durations (Long & Freed, 2021). WMC in the Long
and Freed (2021) experiment was comprised of four measures (Reading span; Unsworth et al.,
2005, Alphabet span; Craik, 1986, Minus span; Salthouse 1988, and Visual number span from the

Kit of Factor-Referenced Tests; Ekstrom et al., 1976), whereas the current study just uses a

5 Moore and Gordon (2015) conducted a factor analysis on the ART and concluded that two factors were
present rather than one clear ‘print exposure’ factor. They theorized that one of these factors was related
to academic or literary reading rather than reading for leisure as the test originally intended to measure
(West etal., 1993). They also identified a positive correlation between selecting author names and foil
names, suggesting that some participants used a lower criterion for deciding that they know an author, this
correlation was moderate in our sample (r = 0.38, p <.001). Moore and Gordon suggested that stricter
penalties for selecting a foil name or including a measure of self-rated confidence could provide more
information about a participant’s criteria.
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Backwards Digit Span task to describe WMC, which may have influenced a different pattern of
results. Further research should investigate whether the specific WMC measure selected for

analyses is important when considering such differences in the literature.

2.5.2 Principal Components Analysis

Unsurprisingly, we found that scores across most of the test battery were correlated, since
individual performances on cognitive tasks often are (Deary, 2000), which make it difficult to
interpret individual skills as unique predictors of reading. A principal components analysis
revealed two components, allowing related skills to be grouped where variances overlap. The
first, lexical proficiency (PC1), was negatively associated with scores on the NDRT vocabulary test,
spelling, ART, LexTALE, and WIAT-Il pseudoword decoding (higher scores on these tests were
associated with lower scores on PC1). We suggest that this variable is related to lexical quality
based on the associated skills in line with our second prediction that skills associated with lexical
quality would feature overlapping variance. We refer to PC1 as lexical proficiency to avoid

confusion with the theoretical construct of lexical quality.

The second factor (PC2) was associated with RAN (faster scores onthe RAN were associated
with higher scores on PC2) and to a lesser extent the backwards digit span test (more items
recalled in the backwards digit span test were associated with higher scores on PC2). We suggest
that this variable describes participants’ speed of processing. Three tests did not load on these
components and were treated as distinct skills in subsequent analyses: NDRT comprehension,
WIAT-1l comprehension and WIAT-Il word reading. It should be noted that word reading was close
to the threshold for inclusion in PC1, and had it been included it would not have been surprising
since it is related to word knowledge which appears to be a commonality across PC1 measures.
Surprisingly, the two comprehension measures included in the test battery did not load together
despite supposedly measuring the same construct, this important finding will also be discussed

later.

253 Analyses with Identified Components

Modelsthat included the two identified components and other distinct tests reveale d main
effectsthatare consistent with previous research that found more skilled readers identify words
more quickly, read sentences faster and skip over words more often than less skilled readers
(Rayner, 1998; Ashby et al., 2005). PC1 was predictive of shorter gaze durations, go past times,
sentence reading times and higher skipping probabilities when individuals scored highly on the

associated tests. Higher skipping probabilities may suggest that participants who score highly on
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tests associated with PC1 may be advancing faster in the recognition process of the parafoveal
word and subsequently make a decision to skip it (Inhoff & Rayner 1986; White, 2008),
alternatively they may employ riskier saccade targeting strategies (O’Regan 1990, 1992; Rayner &
Fischer, 1996; Rayner, 1998). A risky reading strategy is where some readers (often seen in older
adults; Rayner et al., 2006) compensate for less advanced lexical processing by frequently
guessing upcoming words, skippingthem and often returningwhen wrong guesses are realised. A
follow-up experiment should feature more difficult questions to encourage reading for

comprehension, since a risky strategy is likely to have been quite successful in the present study.

Our third prediction was that a factor reflecting the shared variance of skills related to
lexical quality would be a strong predictor of a reduced word frequency effect as suggested by
previous research about each contributing skill® (spelling; Veldre et al., 2017; vocabulary; Cop et
al., 2015; print exposure; Chateau & Jared, 2000; Gordon et al., 2020). This prediction was only
partially upheld as our lexical proficiency factor PC1 influenced the relationship between word
frequency only in some eye movement measures, but not others. In comparison to low scorers,
high scorers exhibited shorter go past times and shortersentence reading times for low frequency
words. These findings are in late eye movement measures suggesting that for skilled readers, very
precise lexical representations are associated more with faster embedding of meaning into
sentence context, ratherthan faster orthographicdecoding of low frequency words. However, an
important comment needs to be made regarding not finding an interaction between PC1 and
word frequency in earlier measures. Our reported Linear Mixed Models were created using a
pruning strategy that aimed to achieve the largest random effects structure possible (see Barr et
al., 2013). We suspect pruning techniques used in previous years would often be comparable to
intercept only models. If we run intercept only models for the current analyses, consistent
interactions between PC1 and word frequency can be found in SFD, FFD and GD, and an WIAT-II
comprehension by word frequency interaction in GD can be found. We mention this as it could
explain parts of the discrepancies with previous related research. In addition, earlier sections of
our own analyses (on single test predictors) found differences in the magnitude of the word
frequency effect in gaze durations, which were not found when looking at models based on
multiple test predictors. One reason for this may be that PCA groups factors via variance shared
amongst the testsincluded. There may be unique features of the LexTALE and reading ability tests

(NDRT & WIAT-II) that are key in predicting this pattern, or perhaps more likely, there is a

6 It should be noted that factors obtained via PCA only reflect shared variance amongst the skills measured,
filtering out residual variance that is unique to individual measures. We can therefore only draw
conclusions about proxies of latent variables such as lexical quality that ignore the nuance of each cognitive
task.
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reductionin statistical powerto estimate an effect where more parameters are estimated within

the model, as in the current analysis.

A previous investigation of individual differences in less skilled readers by Kuperman and
Van Dyke (2011) observed strong predictive value of the RAN on eye movement patterns.
However, since slower RAN is often associated with reading difficulties (Bowey, 2005), we did not
expect it to be a strong predictor of differences in eye movements in our sample of average -to-
very-skilled readers. In addition, RAN scores have not always been found to be a useful predictor
of areduced word frequency effect when included in models with measures of print exposure
(Gordon et al., 2020). We made similar predictions about WMC, due to the idea thatitis a
‘common cause” variable in the relationship between RAN and reading (Papadopoulos et al.,
2016). PC2 was highly associated with the RAN and to a lesser extent the working memory
measure (backwards digit span test). High scores were associated with faster processing of
information within whole sentences, but not of single words. In addition, a small reduction in the
word frequency effect was found associated with high PC2 scoresin sentence reading times which
may reflect a small decrease in rereading time following an uncommon word for readers with

faster processing speeds.

We first consider the RAN, as it influences PC2 more than any other measure, and again
mention that previous research suggests that the RAN is more predictive of later measures in the
eye tracking record such as refixations, regressions, foveal-on-parafoveal effects and second pass
reading times (e.g., Gordon et al., 2020). The observation that PC2 is predictive of shorter
sentence reading times in our data therefore supports the idea that the RAN reflects “efficient
coordination of perceptual-motorand attentional processing during reading” (Gordon et al., 2020,

p. 553).

PC2 was also somewhat reflective of higher scores on a backwards digit span task (WMC),
which supports the idea that working memory is a “common cause” in the relationship between
the RAN and reading (Papadopoulos et al., 2016). Overall, results supported the prediction that
lexical quality was a stronger predictor of differences in eye movements for average -to-very-
skilled readersthan RAN and WMC. However, future research should focus on longer passages for
reading comprehension and should continue to assess later measures of eye movements in

relation to variables associated with WMC and RAN scores to fully assess the literature.

Our test battery featured two comprehension subtests, first we discuss the WIAT-II. This
comprehension subtest was notfound to influence early eye movement measures in models with

multiple test predictors, but was found to predict sentence reading times, a later eye movement
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measure, and also influenced the relationship between word frequency and eye movements in
both sentence reading times and go past times. High scores were associated with shorter
sentence reading times when a low frequency word was embedded compared to low scores.
However, in go past times, the pattern observed was slightly different, low scorers were found to
spend less time reading a high frequency word before moving on than high scorers. No difference
was observed for low frequency words. We interpret this pattern with caution as we note that
scores on this testare clustered towards high scores, with very few low scores (note that the low
scores did not fall outside the 2.5 SD range for outlier justification). We suspect this unusual
pattern might be due to strategic differences in whether a processing difficulty is resolved by
making a regression or by first finishing the entire sentence. Sentence reading times were in line

with the more established pattern that the low frequency word impacts better readers less.

Earlier, we discussed the finding that the overall WIAT-1l score (which includes
comprehension, word reading and pseudoword decoding) was associated with differences in gaze
durations in the model when it was the only predictor entered and interacted with the word
frequency effect on gaze durations. It may be that effects seenin early measures were driven by a
subtestrelated to lexical proficiency: pseudoword decoding (which was associated with PC1, and
generated similar effects in the models with multiple test predictors) whereas comprehension in

the WIAT-1l influenced later eye movement measures in the bigger models.

Turning to the NDRT, we found no main effect associated with the NDRT comprehension
subtest on the word-based measures (but did on sentence reading times), or interactions
between this test and word frequency in any of the models with multiple test predictors. Note
that in the earlier reported analyses, when the entire NDRT (including the comprehension
subtest) was the only predictor, it led to a main effect and interaction with word frequency on
gaze durations. A likely hypothesis is that the reduced word frequency effect seen in associated

with NDRT total was driven by the vocabulary subtest (associated with PC1).

We observe here some discrepancies in findings related to comprehension based on which
testis selected. High WIAT-II comprehension scores were associated with a reduced word
frequency effect in later eye movement measures whereas high NDRT comprehension scores
were notin any measures. Since these two comprehension measures were included separately, it
could be argued that some of the variance due to NDRT comprehension may have overlapped
with variance attributed to WIAT-Il comprehension. However, thesetests did not load togetherin
the PCA and were not very highly correlated (r=0.21). We suspect that this demonstrates a case
of the Jingle fallacy (Thorndike, 1904), — the false assumption that two instruments measure the

same construct because they share a name, namely that both tests are measures of a specific
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I”

“reading comprehension skill” and we think this finding has important repercussions for

comparing research that used one of these tests.

Indeed, previous research has indicated that different cognitive abilities are addressed by
different tests of reading ability (Keenan et al., 2008; Kendeou et al., 2012). We note some
qualitative differences in the way that these tests are conducted that might indicate such
differences in the constructs measured. The WIAT-Il comprehension test includes a variety of
textsincluding single sentences, fiction and non-fiction passages with the option to read aloud or
silently, whereas the NDRT consists of non-fiction passages that participants read silently and the
passages remains accessible while individuals answer self-paced questions on screen. Previous
research has suggested that differences in the format of reading materials (sentences vs
paragraphs; Radach et al., 2008; fiction vs non-fiction; e.g., Graesser et al., 1998; Zwaan, 1994)
and in reading strategy (reading aloud or silently; e.g., Hale et al., 2007) can alter the behaviour
measured. Additionally, the use of non-fiction passages in the NDRT may mean this test is more
related to generalknowledge thanreading comprehension, as suggested by Coleman et al. (2010)
who found greater than chance levels of correct answers after administering a “passageless”

version of the test to college students (see also Ready et al., 2013).

Although both tasks were timed, during the NDRT participants were unaware of the time
limit until they were asked to stop. We therefore have no reason to expect that participants
adopted an unnatural reading pace. The time givento complete the NDRT comprehension subtest
in this study was half of the time usually allocated for this test which may produce increased
discrimination of scores between more proficient readers (Andrews et al., 2020) but participants
were not aware of this. In contrast, participants were aware of the timed element in the WIAT-II
comprehension test since the test is administered face-to-face and the timing is explicit in the
instructions. However, measures of WIAT-II reading speed (m = 360.84 ms, SD = 89.61 ms) and
NDRT words per minute (m = 272.18, SD = 74.36) were highly correlated (r = -0.65), therefore, we
do not expect time pressure differences to be the cause of any differential predictive value
between the tests. Instead, we propose that the face-to-face aspect of testing in the WIAT-II
comprehension task might have influenced participants’ performance. This procedural difference
could lead to performance anxiety especially where some sections of the test required
participants to read aloud and where questions had to be answered directly to the experimenter,
thereby creating qualitative differences in the experience of the participant in the NDRT versus

the WIAT-II.

Importantly, the Jingle fallacy found here may explain some inconsistent results across

studies that model comprehension on different tests (e.g., Méziére et al., 2023; Cutting &

63



Chapter 2

Scarborough, 2006). However, it is unclear whether such findings are actually in disagreement
(failure to conceptually replicate) or whether they are simply measuring separate latent
constructs as suggested here when two comprehension tests were not grouped by a single latent
construct in our PCA. An analysis of all the conflicting findings in the literature that may be
attributed to weak convergentvalidity is beyond the scope of this paper but should be considered
in future research. We advise that these comprehension tests should not be used interchangeably
since they appearto tap into independent aspects of reading comprehension. Researchers should

proceed with caution when selecting a reading comprehension test in future research.

254 Summary

This study investigated the patterns of individual differences in skilled reading that have
been mentionedinthe literature, that is, generally fasterreadingis associated with higherreading
ability (e.g., Ashby et al., 2005; Veldre et al, 2017; Moore & Gordon, 2015;). Our focus was also on
the size of the frequency effect given thatacomparatively smaller frequency effect during reading
has been suggested as indicative of better reading skills (Ashby et al., 2005; Haenggi & Perfetti,
1994).

We sampled average-to-very-skilled college-aged readers, and though differences based on
skill may be clearer between less skilled and average readers, it is important to note that
differences can still be found within skilled reader populations. We consistently found robust
effects of word frequency and saccade launch site across our reader population, but readers
varied in their efficiency of word and sentence reading which can be mapped onto differences in

cognitive skills.

We first examined separate models in which each test was a single predictor — besides
word frequency and the interaction - to allow for a more straightforward comparison with the
existing literature. Broadly in agreement with the literature, higher skill was associated with
shorter gaze durations in two reading ability tests (WIAT-I1l and NDRT), and in spelling. A reduced
word frequency effect was associated with reading ability tests and vocabulary knowledge but

was not found to be associated with other tests included in our test battery.

We grouped shared variance across our test battery into two grouping variables, lexical
proficiency and speed of processing. The two comprehension tests (NDRT and WIAT-II) were not
groupedinto one of the two groupingfactors and surprisingly were not grouped in a single factor.
We urge researchers to be cautious when selecting one of these two comprehension tests for

future research as these tests did not load together and demonstrated an example of the Jingle
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fallacy. We discussed reasons why these two tests might have qualitatively different ways in

measuring comprehension.

When all measures were included in models with multiple test predictors, eye movements
often associated with skilled reading (shorter fixation times and higher skipping rates) were most
consistently related to a factor we identified as lexical proficiency. Our findings support the Lexical
Quality Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002) in that precise lexical
representations support faster word recognition processes as a reduced word frequency effect

was associated with higher lexical proficiency (PC1).

2.5.5 Constraints on Generality

This study sampled average-to-very-skilled readers, and it should be noted that differences
based on skill may be more clearly observed between less skilled and average readers. Though the
sample included a wide age range and included some participants from the local community, a

large proportion were undergraduate psychology students.
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3.1 Abstract

When a preview contains substituted letters (SL; markey) word identification is more disrupted
for a target word (monkey), compared to when the preview contains transposed letters (TL;
mnokey). The transposed letter effect demonstrates that letter positions are encoded more
flexibly than letter identities, and is a robust finding in adults. However, letter position encoding
has been shown to gradually become more flexible as reading skills develop. It is unclear whether
letter position encoding flexibility reaches maturation in skilled adult readers, or whether some
differences in the magnitude of the TL effect remain in relation to individual differences in
cognitive skills. We examined 100 skilled adult readers who read sentences containing a correct,
TL or SL preview. Previews were replaced by the correct target word when the reader’s gaze
triggered an invisible boundary. Cognitive skills were assessed and grouped based on overlapping
variance via PCA and subsequently used to predict eye movement measures for each condition.
Consistent with previous literature, adult readers were found to generally encode letter position
more flexibly than letteridentity. Very few differences were found in the magnitude of TL effects
between adults based on individual differences in cognitive skills. The flexibility of letter position
encoding appears to reach maturation (or near maturation) in skilled adult readers.
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3.2 Introduction

A large body of evidence suggests that eye movements during reading are fundamentally
linked to a reader’s cognitive processing and reveal processing difficulties related to features of
the text (see Rayner, 2009; Liversedge & Findlay, 2000). A number of studies have also looked at
the influence of individual differences in reading skills, and how these relate to the patterns of eye
movement behaviour (e.g., Kuperman et al., 2018; Kuperman & Van Dyke, 2011; Ashby et al.,
2005; Ashby et al., 2012; Chace et al., 2005, Haikio et al., 2009; Haenggi & Perfetti, 1994; Jared et
al., 1999, Luke et al., 2015; Veldre & Andrews, 2014, 2015a, 2015b). Evidence suggests that skilled
adult readers process words more quickly than less skilled readers or children, as seen in shorter

fixations, shorter gaze durations and fewer refixations (see Rayner, 2009 for a review).

The average skilled adult reader can extract information such as spacing from 14-15
character spaces from the point of fixation in the direction of the upcoming word (rightwards in
English readers) and 3-4 character spaces in the direction of the previous word in alphabetic
languages (McConkie & Rayner, 1975). This asymmetric visual field is a phenomenon which
facilitates the pre-processing of information related to upcoming words. Word identification,
which requires higher visual acuity, occurs 3-4 letters to the left and 6-7 letters to the right of
fixationin alphabeticlanguages that are read from left to right (Rayner & Bertera, 1979; Rayner et
al., 1981). In practice, the size of the perceptual span varies between readers, and notably
increases with age until skilled reading is fully developed (H&iki6 et al., 2009; Rayner, 1986;
Sperlich et al., 2015; Henderson & Ferreira, 1990). Though differences in the size of the
perceptual span can relate to differences in text processing difficulty (as the difficulty of a text
increases, the readers’ perceptual span shrinks, Rayner, 1986), individual differences are also
suggested to influence the size of a reader’s perceptual span. Veldre and Andrews (2014) found
that adult readers with high spelling and reading abilities had larger perceptual spans during
reading than readers with low spelling and reading abilities. A study by Haikio et al. (2009) found
that slower readers identified fewer letters during a fixation than faster readers of the same age
group (for Finnish children aged 8, 10 and 12, and for adults). They suggested that slowerreaders,
unlike fasterreaders, allocate most of their processing resources to words when they are directly
fixated on the fovea (2 degrees in the centre of vision). However, readers generally also process
some information about an upcoming word parafoveally (in the parafoveal region, approximately

5 degrees to the left or right of fixation) when the eyes are fixating the preceding word.

68



Chapter 3

3.21 Parafoveal Processing in Skilled Reading

Parafoveal processing enables the reader to extract information about the upcoming word
before it is directly fixated, and when this information is useful, the upcoming word is processed
more rapidly. Studies that explore parafoveal processing during reading most often use a gaze
contingentinvisible boundary paradigm (McConkie & Rayner, 1975; Rayner, 1975). This paradigm
allows researchers to display a manipulated version of the target word to the right of a reader’s
gaze until their eyes cross an invisible boundary, whereupon the display is switched to show the
correct target. The change occurs during a saccade when the readers’ vision is blurred, resulting in
this manipulation being usually undetected. Studies have found that reading is facilitated when
the preview of the target word is identical to the target word (Rayner, 1975). In addition, when a
preview shares orthographic or phonological information with the target word some preview
benefit is also found, where faster processing of the parafoveal word when it is subsequently

fixated is facilitated by information gathered from the preview word (Schotter et al., 2012).

3.2.2 Individual Differences in Parafoveal Processing

Individual differences in reading and spelling abilities have been found to modulate the
amount of information that can be extracted from the parafovea and used to facilitate word
identification (Veldre & Andrews 2015a; 2015b; 2016; Andrews & Veldre, 2019). Skilled readers
who are also good spellers extract more parafoveal information about word length and lexical
features of a word (Veldre & Andrews, 2015b; 2015a). However, differential effects have been
noted for the extraction of semanticinformation. Good spellers had a reduced preview benefit
from semantically related previews (demonstrating competition between semantic and
orthographic information), whereas high reading ability has been found to predict a greater

benefit from semantically related previews (Veldre & Andrews, 2016).

The current study further investigated individual differences in parafoveal processing of
orthographic information in an upcoming word. Our focus was on individual differences in the
extraction of letter position and letter identity information in the parafovea. To explore this, we

first need to discuss how this information is encoded in isolated word identification.

3.23 The Transposed Letter Effect

To ‘crack the orthographiccode’ research has used transposed letter (TL) stimuli, where the
position of letters in a real word are swapped to create a nonword, to investigate how precisely

letter position information is encoded. Priming paradigms and lexical decision tasks are used to
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see how word identification is affected by TL pseudowords compared to pseudowords created by
substituting letters within a base word. In masked priming studies, the time to identify a real word
target (judge) isreduced when a TL prime (jugde) was used compared to a substituted letter (SL)
prime (junpe) (e.g., Forster et al., 1987; Lupker, et al., 2008; Perea & Lupker, 2003, 2004;
Schoonbaert & Grainger, 2004). When participants must decide whether a le tter string is a real
word in a lexical decision task, a TL pseudoword increases the response latency and likelihood of
errors (misinterpreting the pseudoword as a real word) compared to a SL pseudoword (Colombo,
etal., 2017; Grainger et al., 2012; O’Connor & Forster, 1981; Perea & Fraga, 2006). This evidence
is consistent with the idea that a TL pseudoword is perceived to be more similar to the base word
than a SL pseudoword is, and therefore more difficult to reject in a lexical decision task. These
findings suggest that letter positions and letter identities are encoded independently, given that
there is a processing advantage when letter identities are preserved despite changes in letter

positions.

This flexible letter position encoding mechanism has been incorporated in recent models of
word recognition (the SOLAR model (Davis, 1999; 2010); the Open Bigram model (Grainger & Van
Heuven, 2003; Grainger et al., 2006; Grainger & Ziegler, 2011; Grainger et al., 2012); the Overlap
model (Gémez, Ratcliff & Perea, 2008); the SERIOL model (Whitney, 2001); and the Bayesian
Reader (Norris, 2006)).

Reading studies have been consistent with the evidence from isolated word recognition
studies. Rayner, White et al. (2006) observed that readers’ eye movements were only slightly
disrupted when reading a sentence containing a TL pseudoword. Similarly, transposed letter
effects have been investigated using the boundary paradigm and have consistently found preview
benefits for TL pseudoword previews compared to SL previews (Johnson et al., 2007; Johnson &
Dunne 2012; Pagan et al., 2016; Kirkby et al., 2022). There is consensus that letter position
information is encoded flexibly in skilled readers (Davis, 2010; Norris & Kinoshita 2012; Whitney,
2001), however, since the extraction and use of parafoveal information is influenced by individual
differences in skilled adult readers (Andrews & Veldre, 2019, Veldre & Andrews 2015a; 2015b;

2016), there may be similar modulation of the transposed letter effect in parafoveal preview.

3.24 Individual Differences in Children’s Letter Position Encoding

The aim of the current study was to assess how individual differences in cognitive skills may
influence how letter position information is processed in skilled adult readers. Relatively little
research in this field has focussed on individual differences within adult readers, though changes

in the magnitude of transposed letter effects have been observed in relation to children’s reading
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abilities (Pagan et al., 2021; Gémez et al., 2021; Hasenacker & Schroeder, 2022; Colombo et al.,
2019; Ziegler et al., 2014). Pagan et al. (2021) investigated the position of a transposition within a
word in a reading-like task and noted that the amount of disruption for a misspelled word with a
transposition of the 2" and 3™ characters was smaller for children with higher reading skills with
lower reading skills. Using a lexical decision task, Gdmez et al. (2021) also found that in 6th grade
Catalan children, individual differences in reading ability, specifically in pseudoword reading
(measured by asubtestfrom PROLEC-R; Cuetos et al., 2007) modulated transposed letter effects.
Better readers were less likely to confuse TL pseudowords (mohter) with the real base word
(mother) than less skilled readers. Negligible differences were associated with word-reading and
perceptual processing speed (measured by a symbol search subset of the Wechsler Intelligence

Scale for Children; WISC; Wechsler, 2001).

Similarly, Hasenéacker and Schroeder (2022) found that children’s orthographic knowledge
(a composite score calculated using a principal components analysis of scores on spelling,
vocabulary and a word-reading to nonword-reading difference score’) modulated transposed
letter effects within grades in a longitudinal study of German children from grade 2 to 4. The cost
associated with an SL prime was larger for children with higher levels of orthographic knowledge
than forthose with lowerlevels of orthographicknowledge, whereas there was no significant cost
fora TL prime at any level of orthographic knowledge. Importantly, Hasendcker and Schroeder
(2022) noted that the modulation associated with orthographic knowledge was similar to the
modulation observed across grades. They suggested that developmental changes in letter identity
encoding are driven by increasing orthographic knowledge in children, for which grade is a good
proxy, but that letter position encoding for words is already fairly flexible in early reading
development. These investigations demonstrate that letter position encoding becomes more
flexible as reading skills improve (Pagan et al., 2021; Gémez et al., 2021; Hasendcker & Schroeder,
2022). However, it remains unclear whether differences within skilled adult readers remain in
relation to individual differences or whether letter position encoding is stable in this
population. Next, we consider a model of visual word recognition that discusses letter position
encoding in relation to children’s reading development, before discussing how it may relate to

individual differences in skilled adult readers.

7 Spelling was measured by the Hamburger Schreibprobe (HSP; May, 2002). Nonword-reading and word-
reading were measured by the Salzburger Lese- und Rechtschreibtest (SLRT-II; Moll & Landerl, 2010).

Nonword-reading scores were subtracted from word-reading scores. Vocabulary was tested using the CFT
20-R (WeiR, 2006).
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3.25 Orthographic Processing during Reading Development

The Multiple-route model (Grainger & Ziegler, 2011) suggests that the precise positions of
letters are important whilst children decode written words phonologically, translating letters to
sounds. As children develop reading skills they rely less on this process, and begin to use
orthographic processes, bypassing the need to directly convert letters to sounds. The model
includes two orthographic routes to achieve this: a fine-grained route where the coding of letter
sequences is location-specific, and a coarse-grained route that uses non-continuous-location-
invariant bigrams. For example, the word FARM can be coded by the bigrams FA, FR, FM, AR, AM,
RM. Therefore, according to this model, an increased reliance on the coarse-grained route as

reading skills develop leads to more flexibility in letter position encoding.

Though this model focuses on children’s reading development rather than individual
differences in adults, some predictions can be adapted for the current study. If skilled readers
continue to rely on a coarse-grained route to orthographic decoding, the impact of a transposed
letter preview may be stable across skilled adult readers, reflecting a maturation of letter position
encoding flexibility. However, given that many cognitive skills remain variable in skilled adults
(Martino & Hoffman 2002; Jackson 2005; Welcome et al., 2010), individual differences in cognitive
skills may continue to predict differences in the flexibility of letter position encoding once skilled
readingis achieved. Similar to differences in the magnitude of the transposed letter effect seen in
developing children related to reading ability (Hasenacker & Schroeder, 2022; Pagén et al., 2021),
the effect of a transposed letter may be modulated by individual differences in adults. Extraction
and use of this information during parafoveal processing may be greater for adults with better

reading and spelling abilities as observed by Veldre and Andrews (2015a; 2015b).

3.2.6 Individual Differences in Skilled Adult Readers

A few studies have investigated a range of individual differences within adult readers’
orthographic processing, though, to our knowledge, none have specifically investigated
transposed letter effectsin this way during reading. Andrews and Lo (2012) used masked priming
to investigate individual differences in reading ability, spelling and vocabulary?® in adult readers.
They found that high reading, spelling, and vocabulary skills (calculated as a composite score

based on shared variance) was associated with stronger facilitation from an orthographic

8 Measures of written language proficiency were used to assess reading and spelling: Reading
Comprehension, Reading Speed, Spelling Dictation, Spelling Recognition and Vocabulary (Andrews &
Hersch, 2010).

72



Chapter 3

nonword prime (different from the target in any single letter position). Welcome and Trammel
(2017)° found comparable patterns associated with phonemic decoding efficiency scores (a
subtest of the Test of Word Read Efficiency; Torgesen et al. 1999) where adults with lower scores
showed ageneral benefit of orthographic relatedness (both pronounceable and unpronounceable
anagram primes were facilitatory for both word and non-word targets). Adults with higher scores
benefitted only in conditions where pronounceable primes were used for word targets. Though
these studies did not investigate effects of TL nonword primes specifically, they suggest that
differences in orthographic priming may occur in relation to individual differences in these skills.
In an investigation of individual differences in masked form priming Adelman et al. (2014) found
that those with strong spelling abilities and large vocabularies had faster response times and were
less susceptible to priming in general than less skilled spellers and those with smaller
vocabularies. This is similar to patterns seen in relation to reading and spelling abilities in

parafoveal preview benefit (Andrews & Veldre, 2019, Veldre & Andrews 2015a; 2015b; 2016).

The current study utilised a sentence reading task with an invisible boundary paradigm to
explore transposed letter effects in comparison to a larger battery of cognitive tasks. Consistent
with previous evidence using masked priming and parafoveal preview paradigms, if the letter
position encoding mechanism variesin adult readers, we predicted that spelling and word naming
scores would modulate the size of the transposed letter effect during parafoveal processing.
There may also be other cognitive skills that play a role, for example, Kuperman and Van Dyke
(2011) found that individual differences in rapid automatized naming (RAN) and word
identification were the two most reliable measures when predicting eye movements during

reading when assessing a large test battery.

The aim of the current study was to investigate whether letter position encoding during
parafoveal processing matures in skilled adult readers, or whether individual differencesin a
range of cognitive skills influence the parafoveal processing of a TL nonword preview in
comparison to a SL nonword preview. The following tests were included. First, two commonly
used reading ability tests that differ in subtest components were selected; the Wechsler
Individual Achievement Test (WIAT-1l; Wechsler, 2005), which features reading comprehension,
word reading and pseudoword decoding; and the Nelson Denny Reading Test (NDRT; Brown et al.,

1993), which includes a measure of vocabulary and reading comprehension. Since word reading

9 This study measured Verbal IQ (PPVT-4; Dunn and Dunn 2007) ; Sight word efficiency (TOWRE SWE;
Torgesen et al. 1999); Phonemic decoding efficiency (nonword reading) (TOWRE PDE; Torgesen et al. 1999);
Exposure to print (author recognition test; Acheson et al., 2008); Orthographic choice task (based on Olson
etal. 1994; Wordlikeness task (based on Cunningham et al. 2001); Adult Reading History Questionnaire
(ARHQ; Lefly and Pennington 2000).
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and pseudoword decoding are measures seen in previous investigations of individual differences
in children (Hasenacker & Schroeder, 2022) and adults (Welcome & Trammel, 2017), and other
researchers have often used the NDRT as a measure of reading ability (e.g., Veldre & Andrews,
2015a; 2015b) both were included to appropriately assess the literature. In addition, we wanted
to further investigate findings from Lee, Godwin et al. (2023) which suggested that the

comprehension subtests in these composites measure different aspects of reading ability.

Other tests included spelling (Andrews & Hersch, 2010), print exposure (Author
Recognition; Acheson et al., 2008) and vocabulary knowledge (LexTALE; Lemhofer & Broersma,
2012) which are good proxies for lexical quality (Lexical Quality Hypothesis; Perfetti, 1992; 2007,
Perfetti & Hart, 2002). The quality of an individual’s lexical representations have been suggested
to influence in the amount of information that can be extracted and used in parafoveal preview

(Andrews & Veldre, 2019).

Significant differencesin RAN scores have previously beenfound between dyslexicand non-
dyslexic adult readers by Kirkby et al. (2022), who also found differences in the size of the
transposed letter effect between these groups. Non-dyslexic adults performed significantly more
quickly on alphanumeric RAN tasks than dyslexicadults and displayed larger difference s between
SLand TL previews in a similar reading experiment using an invisible boundary, therefore we
included a measure of alphanumeric RAN (Denkla & Rudel, 1974) in the current test battery.
Finally, a backwards digit span test was included as a measure of working memory capacity

(Gathercole et al., 2004).

3.3 Method

331 Participants

Participants were 100 students and staff from the University of Southampton (88 Females,
mean age= 19.88 range = 18-40). Participants were all native English speakers with normal or
corrected to normal vision and no known reading difficulties. Participants received course credits
or £25. A power analysis was conducted based on data from the first 10 participants with
simulations in R (simR, Green & Macleod, 2016). A power curve revealed that a sample size of 78
participants would be needed to achieve 80 % statistical power for our analyses. Data collection

therefore exceeded this target.
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3.3.2 Apparatus

The sentences were presented on a 21” CRT monitor, with a refresh rate of 120 hzand a
resolution of 1024 x 768, interfaced with a PC at a viewing distance of 60 cm. Sentences were
presented in black, size 14, Courier New font on a grey background; three characters equated to
approximately 1° of visual angle. Although reading was binocular, eye movements were recorded
only fromthe right eye, usingan Eyelink 1000 tracker (S.R. Research Ltd.), with forehead and chin
rests in order to minimize head movements. The spatial resolution of the eye tracker was 0.05°,

and the sampling rate was 1000 hz.

Participants completed most of the tests and questionnaires during the study on a 14-inch
Dell Laptop Computer. Such tests were administered viaan online web browser running Qualtrics.
Participants were required torespond using a variety of mouse responses and keyboard answers,
and response times for timed elements were recorded via a timed mouse click integrated within
Qualtrics. A computerised backwards digit span test was administered using Inquisit on a 19-inch
DELL monitor (1024 x 768-pixel resolution). During Wechsler Individual Achievement Test (WIAT-II
UK; Wechsler, 2005) Reading Subtests researchers used the testing flip pad, scoring sheets and

word/pseudoword cards included in the test pack.

3.3.3 Materials

Sixty experimental sentences containing 6-letter target words were partially adapted from
Pagan etal. (2016). Target words (nouns or adjectives) were bisyllabicwith a CVCstructure for the
initial trigram, which was always within the same syllabic unit (e.g., monkey). Target words were
embeddedinto neutralsentence frames and were rated on a scale of O (very unnaturalto read) to
100 (very natural) (M = 75.37, SD = 8.48) by 18 participants who did not take part in the main
experiment. Three preview conditions were generated for each target word; an identity (ID)
condition, in which the preview of the target word was spelled correctly (e.g., monkey); a
transposed letter (TL, e.g., mnokey) condition, where a preview was a nonword with the second
and third letters transposed; or a substituted letter (SL, e.g., mrekey) condition, where the
preview was a nonword with the second and the third letters substituted. It has been noted that
word-initial letters are especially important for word identification for both children and adults.
White et al. (2008) found that readers were more disrupted by transpositions of external letters
(at the beginning e.g., rpoblem or end e.g., problem of a word) than internal letters (e.g.,
problem/probelm) in a sentence reading study. They found that the greatest disruption to reading
was seen in word-initial letter transpositions. For this reason, only internal letters were

manipulated in the current experiment. Bigram frequencies for TL previews (M = 109.63, SD =
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165.98) and SL previews (M = 101.25, SD = 150.93) were matched (t (118) = 0.77, p = .443). None
of the target transpositions or substitutions produced real words and all were orthographically

illegal.

The three counterbalanced lists were presented within the eye tracking experiment.
Participants were randomly assigned to one of these conditions and all read 5 practice sentences
followed by 60 experimental sentences (20 per condition). The sentences occupied one line on
the screen and the target always appeared in the middle of the sentence. Sentence order was
randomised for each participant. Comprehension questions were included following 1/3 of the

experimental sentences to encourage reading for comprehension.

Participants were asked two questions about their reading behaviour including “How often
do youread forwork?” and “How often do you read for leisure?”. Next, participants’ reading and

cognitive skills were assessed by the following tests:

3.3.3.1 Reading Ability Tests

Nelson Denny Reading Test (Brown et al., 1993). Participants completed a vocabulary task,
where participants were asked to fill a blank space within a sentence with the most appropriate
word. Single words were then presented, and participants were given multiple choices to select
appropriate definitions. Next participants completed a reading comprehension task. Participants
silently read passages presented on a screen, before answering comprehension questions that
were presented below the passages (on the same screen). Participants were asked to record the
line they had reached after 1 minute of reading on the first passage. The test was stopped after

10 minutes and answers were recorded for all questions they had answered in this time.

Wechsler Individual Achievement Test (WIAT-1l; Wechsler, 2005). This included a word
reading subtest, where participants were asked to read a list of real words aloud from a sheet of
paper which increased in difficulty. The experimenter marked participants’ pronunciation
accuracy and testing was stopped when the participant made six sequential errors. Next,
participants were asked to read a list of orthographically legal nonwords aloud from a sheet of
paper (e.g., “flimp”) in a pseudoword decoding subtest. The experimenter recorded the
participants’ pronunciation accuracy and testing was stopped after six sequential errors were
made. Participants then completed the reading comprehension subtest, where they read
passages (short fictional stories, informational text, advertisements, and how-to passages) aloud

or silently before answering literaland inferential comprehension questions orally when asked by
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the experimenter. All subtests were combined to give an overall score for the whole test. Scores
were normed according to test instructions and percentile scores were used in analyses.

3.3.3.2 Vocabulary Knowledge

LexTALE (Lemhofer & Broersma, 2012). Participants were asked to indicate whether a word
presented on screen was a real English word or a pseudoword. There was no time limit for this

task.

3.3.3.3 Spelling

Spelling (Andrews & Hersch, 2010). Spelling dictation featured playback of 20 recorded key
words. Participants then were asked to write down the correct word spellings. The words were
also presented within sentences. Spelling recognition was made up of a list of 88 correctly and

incorrectly spelled words. Participants had to select the incorrectly spelled words.

3.3.3.4 Print Exposure

Author Recognition Test (Acheson et al., 2008). A list of real authors and foil names were
presented, and participants were asked to identify which were the real ones. Participants were

informed that the list featured some foil names.

3.3.3.5 Rapid Automatized Naming

Alphanumeric RAN (Denkla & Rudel, 1974). A randomized series of letters or numbers in a
5x5 grid were presented onscreen. Time taken for participants to name the characters was

recorded and the sum of the two conditions was used in analyses.

3.3.3.6 Working Memory Capacity

Digit Span Backwards (Gathercole et al., 2004). Digits were presented in sequences of
increasing lengths. Participants were asked to recall them first in the same order as they were
presented, and then in backwards order. The length of the longest backwards sequence recalled

correctly was recorded for each participant.

334 Design and Procedure

Testing involved two sessions on different days. During the first session, participants were

given an information sheet and consent form and completed the eye tracking task followed by
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experimenter administered WIAT-II and RAN tasks. For the eye tracking task, participants were
asked to sit comfortably at the computer, resting their chin on a chinrest and were then guided
through the set up and calibration of the eye tracker by the researcher. Participants were then
required to direct their gaze to a fixation cross presented on the left of the screen. When ready,
sentences were presented following the fixation cross. Participants were asked to read the
sentences and answer questions presented on the screen using the keyboard to respond to

ensure they were reading for comprehension. Participants could take breaks when needed.

During a second session participants took part in a separate eye tracking task (unrelated to
the current study) and completed the reading comprehension and vocabulary subtests of the
NDRT, LexTALE task, spelling dictation and spelling recognition tasks, Author Recognition test,

RAN tasks and the backwards digit span task in a randomised order.

34 Results

There were two stages of analysis. First, a principal components analysis was conducted to
determine which cognitive tests shared variance and loaded together. Subsequently, factors
extracted via PCA and tests that fell outside of these identified components were used to model
eye movement measures (first fixation durations (FFD), single fixation durations (SFD), gaze

durations (GD) and go past times).

3.4.1 Individual Differences Tests

Overall WIAT-II scores were calculated using the age-adjusted scoring materials provided,
which resulted in numerical scores as well as categorical assessments of reading proficiency
(Borderline/ Low Average/ Average/ High Average/ Superior). Overall scores for the NDRT were
calculated as an average of scores on the vocabulary and comprehension subtests. Overall
spelling scores were calculated using an average of the spelling recognition and spelling dictation
subtests (see Andrews & Hersch, 2010). The highest score on the backward version of the digit
span was taken as an overall score (see Gathercole et al., 2004). For examining tests as single
predictors of eye movements, in line with previous research, overall composite test scores were
used. However, it is more appropriate to consider the cognitive skills that make up reading ability
tests separately for PCA, subtests from the NDRT and WIAT-II reading ability tests were included

from this point.

Participants met criteria for exclusion if their overall performance on multiple tasks was

very poor, or if standardised reading assessments identified a potentially undiagnosed reading
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disorder. Potential outliers scoring very low on some tasks were assessed in terms of their
performance on other tasks and were always found to score above average on standardised
reading assessments (WIAT-Il and NDRT) and therefore did not meet criteria for exclusion. Very
high scores were retained since it is plausible to find individuals who are very high scoring on
cognitive tasks within skilled reader populations. No participants were removed from the dataset
and all 100 datasets were considered suitable for the current analyses. Descriptive statistics based
on scores for each test are summarised in Table 3.1 below. Individual difference test scores were
then centred to allow comparisonsto be made between measures. Correlations for all test scores
are presentedin Table 3.2. Tests were moderately positively correlated, except for RAN and Digit

span tests which were not (highly) correlated with other measures.

Table 3.1

Descriptive Statistics for Tests and Subtests (ms) (Raw Scores)

Min Max Mean SD
NDRT Total 71.00 147.00 118.66 16.59
NDRT Comprehension 22.00 74.00 57.28 9.94
NDRT Vocabulary 28.00 77.00 61.38 10.35
WAIT Total 84.00 134.00 115.73 9.98
WIAT-1I Comprehension 71.00 124.00 109.73 10.00
WIAT-1l Pseudoword Decoding 88.00 122.00 108.01 6.58
WIAT-1l Word Reading 92.00 121.00 115.18 5.55
Spelling 13.00 63.00 37.54 11.28
Author Recognition Test -6.00 34.00 6.63 6.15
LexTALE 64.55 100.00 90.10 7.14
Digit Span test 3.27 8.75 5.87 1.20
Rapid Automatized Naming 28.79 63.66 39.87 7.39
NDRT Words Per Minute 80.00 610.00 251.43 85.10
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Table 3.2
Correlations between Individual Differences Subtests
WIAT-II
23::) \I\lloDch \é\gng-” \Fi\:?lj?ciword Worc! Spelling ART LexTALE Digit Span
Reading
NDRT Vocabulary 0.34**
WIAT-II Comprehension 0.15 0.60%**
WIAT-II Pseudoword Decoding  0.19 0.39%** 0.36%**
WIAT-Il Word Reading 0.29** 0.54%** 0.47%**  (0.43%**
Spelling 0.31** 0.60* ** 0.41%** 0.55%** 0.40***
Author Recognition Test 0.19 0.63%** 0.36***  0.18 0.25% 0.50%**
LexTALE 0.31** 0.70*** 0.47*** 0.41%** 0.45%** 0.57*** 0.53***
Digit Span 0.12 0.14 0.23* 0.13 -0.04 0.25* 0.24* 0.18
RAN -0.07 0.09 -0.02 -0.03 0.01 -0.07 -0.15 0.00 -0.13

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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3.4.1.1 Principal Components Analysis

A PCA was conducted to identify which tests loaded together to reduce the number of
dimensions used in further analysis. NDRT and WIAT-II reading ability test scores are composite
scores based on two or more subtests. For the remainder of this paper, subtests that comprise
the WIAT-Il (comprehension, word reading and pseudoword decoding) and NDRT (comprehension
and vocabulary) were considered separately to assess each cognitive skill included within them. A
single component was retained after a parallel analysis (Horn, 1965). Parallel analysis calculates
adjusted eigenvalues based on random noise expected using a simulated parallel dataset.
According to this method, components that fall above the mean of the random eigenvalues
should be retained. The component that met this criterion contributed 40.70 % of variance in our
data. Tests loadings on a component were considered important if contributions exceeded 10 %
(expected average contribution calculated from 1/number of variables = 1/10). In order of
magnitude, the extracted component was explained by NDRT Vocabulary, LexTALE, Spelling,
WIAT-II Comprehension, ART, and the word reading subtest of the WIAT-II (see Figure 3.1 below).
We suggest that these tests are related in their assessment of lexical proficiency. The remaining
tests fell outside of this component and were considered separately in subsequent analyses. We
note that the comprehension subtests (NDRT and WIAT-Il) were not found to load on the same

component and will return to this in the Discussion.
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Figure 3.1

Individual Contributions of Each Individual Differences Measure on PC1
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Note. The dotted line represents the expected average contribution (10%). A contribution above

this line is considered important in explaining the component.

3.4.2 Eye Tracking Analyses

Comprehension accuracy across trials was high (M = 98.82%, range = 85 - 100%), indicating
that participants were reading for comprehension. Trials with blinks on the target word or
featuring tracking loss were removed prior to analysis. Fixations shorter than 80 ms made within
one character of a previous or subsequent fixation were merged and fixation durations outside of
80 ms to 800 ms were removed. Trials that involved fewerthan 3 fixations across a sentence were
also removed. Three trials were removed due to excessive blinking or tracker loss. Data were

checked for instances where the boundary change was triggered by a saccade that subsequently
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landed on the precedingword, where adisplay changed occurred during a fixation on a pre -target
word, or where the display changed had not completed until after 10 ms into the fixation on the
target word. These trials were then removed (9.82 %). Trials where the target word was skipped
(3.06 %) were also removed. Given the low skipping rates, word skipping was not analysed.
Outliers were then removed for each dependent variable; first fixation durations (FFD; the
duration (ms) of the first fixation on a target word), single fixation durations (SFD; the duration
(ms) of the fixation on a target word when it was only fixated exactly once), gaze durations (GD;
the sum of all fixations (ms) made on a target word before moving fromit in the first pass), and go
past times (GOPAST; the sum of all fixations (ms) made on a target word before moving onto a
later portion of the sentence, thisincludes regressions to previous portions of the sentence). Data
falling outside of 2.5 standard deviations from the mean for each participant within a condition
(high and low frequency) were removed (SFD; 1.44 %, FFD; 1.68 % GD; 1.91 %, go past times; 1.72
%). Descriptive statistics based on participant means for these measures are displayed in Table

3.3.

Table 3.3

Descriptive Statistics for Eye Movement Measures (ms)

Condition  Min Max Mean SD
SFD ID 127.67 310.92 221.79 33.47
TL 154.67 330.17 229.53 38.05
SL 160.25 359.80 256.31 38.81
FFD ID 149.25 306.73 220.46 32.47
TL 149.14 330.17 227.43 36.08
SL 160.25 349.15 246.04 33.53
GD ID 159.67 402.53 250.24 47.60
TL 162.17 424.50 256.50 54.85
SL 160.25 448.64 290.20 52.07
GOPAST ID 164.86 402.53 264.09 54.18
TL 165.86 454.38 270.76 60.84
SL 160.25 448.64 303.02 54.31

Note. Means and SDs were calculated based on participant means per condition.

3.4.2.1 Generalized Linear Mixed Models

All eye movement measures were analysed using the Ime4 package (version 1.1-31; Bates
et al., 2015) in R (version 4.2.2; R Core Team, 2022). For all Generalized Linear Mixed Models

(GLMM), a Gamma distribution with identity link was used, following guidance for analysing
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skewed reaction time data without transformation (see Lo & Andrews, 2015) with participants

and items as random factors.

Models were trimmed following the procedure described in Dirix and Duyck (2017). Models
started with all fixed effects of interest: contrasts forthe orthographic preview conditions (ID - TL,
and TL- SL), PC1, the NDRT comprehension, WIAT-II pseudoword decoding, RAN and backwards
digit span scores. Two-way interactions for each cognitive test and the orthographic preview
conditions were also included. In addition, trial number and launch site were included as fixed
factors to account for their potential influence on the data. Random factors were intercept only.
This was the starting model. Next, non-significant interactions and afterwards fixed effects were
sequentially checked to see if they could be removed without reducing modelfit, starting with the
effect with the largest p value. Model comparison Chi-square tests assessed whether removal of
such effectsimpacted model fit. When models reached a point at which no further trimming was
possible because all remaining fixed effects were significant, and therefore necessary to be
retained, or if the removal of a non-significant effect would reduce model fit, we began building
up the random effects structure to reach the maximal model (as is optimal for model analysis
according to Barr et al., 2013). Random effects were forward fitted, with slopes for participant
and item factors added. The order was as follows: orthographic preview condition, individual
differences tests, launch site and finally trial number. Slopes were retained if the model
converged and their addition improved the model fit. Finally, when the largest random structure
was achieved, any non-significant fixed effects were again checked sequentially to see if trimming
them would not reduce model fit. The final random effects structure for each model was as
follows. The SFD modelincluded trial number as a slope for subjects, and PC1 scores and trial
number as slopes for stimuli. The FFD model included condition (ID/TL/SL) as slopes for both
subjects and stimuli. The GD model included condition as a slope for subjects and intercept only
for stimuli. The GOPAST model included condition as a slope for subjects and saccade launch site

as a slope for stimuli.

Results, displayed in Table 3.4 and Table 3.5, showed that there were small differences
betweenIDand TL previewsin FFDs (7.52 ms), SFDs (5.24 ms), GDs (8.16 ms, though this was only
marginally significant) and go past times (10.02 ms). SL previews resulted in inflated FFD (17.24
ms), SFD (27.54 ms), GD (33.49 ms) and go past times (32.70 ms) on the target word compared to
TL previews. When saccades were launched from positions close to the target, SFD, GD and go
past times were shorterthan when saccades were launched from a greater distance. Later trials in
the experiment were associated with shorter SFDs, GDs and go past times compared to earlier
trials, but no differences were found for FFDs on the target word. Participants who scored highly

in tests associated with PC1 generally displayed shorter FFD, SFD, GD and go past times. However,
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these scores were not found to interact with any orthographic preview condition. No other main

effects were found associated with individual differences measures. High scores on the backwards

digit span task predicted significantly different SFDs for targets following TL previews compared to

ID previews, however as shown in Figure 3.2, this interaction is completely encapsulated by 95 %

confidence intervals for ID and TL conditions on these measures, so we will not consider these

further. Nossignificant interactions were observed for any other individual differences measures,

letter position encoding flexibility remained stable across this population of skilled adult readers.

Table 3.4

GLMMS with Multiple Test Predictors to Predict First Fixation Durations (ms) and Single Fixation

Durations (ms)

First Fixation Duration

Single Fixation Duration

Est SE t p Est SE t p

(Intercept) 23359 3.89 59.99 <.001 . 5.06 48.52 <.001
TL-ID 7.52 3.74 2.01 .044 * 5.24 2.47 2.12 .034*
SL-TL 17.24 4.11 4.19 <.001 *** 27.54 2.65 10.38 <.001 ***
Trial Number - - - - 0.13 0.11 -1.22 .222
Launch Site - - - - 2.30 0.53 4.32 <.001 ***
PC1 9.09 3.25 2.80 .005 ** 8.45 3.66 2.31 .021 *
Backwards Digit o1 338 077 043 214 354 -0.60 0.55
Span
TL-
ID*Backwards -5.51 3.05 -1.81 .071 -5.75 2.45 2.35 .019 *
Digit Span

L-TL*Back
SsLTl™Backward ) o) 348 083 405 099 254 039 .69
Digit Span

Note. Significance is denoted by * < .05, ** <.

01, *** <.001.
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Table 3.5

GLMMS with Multiple Test Predictors to Predict Gaze Durations (ms) and Go Past Times (ms)

Gaze Duration Go Past Times

Est SE t p Est SE t p
(Intercept) 277.38 5.68 48.85 <.001 *** 29577 542 5452 <.001***
TL-ID 8.16 433 189 .059. 1002 419 239 .017*
SL-TL 33.49 479 699 <.001*** 3270 4.28 7.64  <.001 ***
Trial Number -0.17 0.08 -2.24 .025* -0.27 0.08 -3.31 .025*
Launch Site 6.58 0.63 1049 <.001 *** 7.88 0.67 11.75 <.001 ***
PC1 12.05 4.14 291 .004 ** 16.35 4.85 3.37 <.001 ***

Note. Significance is denoted by * < .05, ** < .01, *** < .001.
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Figure 3.2
The Effect of Orthographic Preview on Single Fixation Durations (ms) Moderated by Backwards

Digit Span Scores
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Note. Shaded areas represent 95% confidence intervals.

3.5 Discussion

The present study examined whether the flexibility of letter position encoding reaches
maturation in skilled adult reader populations or whether it varies in relation to differences in
cognitive skills. We first grouped our battery of cognitive skills via overlapping variance by means
of a PCA to reduce multicollinearity in models with multiple test predictors. We then analysed the
transposed letter effectin relation to these cognitive skills on four eye movement measures (SFD,

FFD, GD and go past times).
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When saccades were launched from positions close to the target, SFDs, GDs and go past
times on the target word were smaller than when saccades were launched from a greater
distance. This is in line with previous research (e.g., Pollatsek et al., 1986), in that more
information can be gathered from a parafoveal preview during fixations close to the upcoming
word. As a result, less time is needed during a subsequent fixation on the upcoming word to
identify it. Trials that occurred later in the experiment were associated with shorter SFDs, GDs and
go past times than earlier trials indicating readers speeding up somewhat during the experiment,

but no differences were found for FFDs.

3.5.1 Transposed Letter Effect

Overall, transposed letter effects were found where SL previews resulted in increased
fixation times on target words compared to TL previews. In comparison, there was only a small
cost associated with a TL preview in comparison to an ID preview in FFDs, SFDs and go past times,
with only a marginally significant difference in GDs, in line with previous findings in reading
studies (Rayner, White et al., 2006). These findings are consistent with the idea that in general,

skilled readers encode letter position more flexibly than letter identity.

3.5.2 Individual Differences

We adapted predictions based on the Multiple-route model (Grainger & Ziegler, 2011)
about developmental differences in letter position encoding to make some predictions about
differences that may arise within skilled adult readers. We noted that, if skilled readers generally
rely on a coarse-grained route for orthographic decoding there may be a maturation of letter
position encoding flexibility in skilled adult readers. This would result in all re aders showing
similar transposed letter effects with faster identification of target words following TL previews
than SL previews. The alternative hypothesis was that only a subset of adult readers may rely
more heavily on a coarse-grained route to orthographic decoding leading to larger differences
between TL and SL preview conditions. If so, any differences in the transposed letter effect in
adults might be observed in relation to individual differences in cognitive skills, as seen in

developing readers (Pagén et al., 2021; Hasenacker & Schroeder, 2022).

We found no systematic differences in letter position encoding related to individual
differences in cognitive skills in our main analyses, suggesting that the flexibility of letter position
encodingin average-to-skilled adult readers remains fairly stable once reading has developed. At
least this is the case for the adults in our sample who were classed as “average” to “superior” on

the standardised WIAT-II reading ability. To fully investigate the compatibility of our results with
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previous literature aboutindividual differencesin parafoveal preview benefit (Andrews & Veldre,
2019, Veldre & Andrews 2015a; 2015b; 2016) and differences in transposed letter effects in
parafoveal preview in children’s reading ability (Pagan et al., 2021), we also ran analyses in which
models only included single test predictors for spelling and reading ability. These analyses more
closely reflect the analyses reported in these previous studies. The results of these analyses
(available online at https://osf.io/b2rdm/?view_only=cf37e55f5c804a98bf7801a8c903d5f3)
indicate that the only significant predictor of more flexible letter position encoding was the
Nelson Denny reading test (reading comprehension and vocabulary composite score), where
higher scores were associated with larger differences between SL and TL preview conditions.
However, this observation was not stable across other eye movement measures as it was only
observed insingle fixation durations. Since this finding was restricted to a single measure and was
not significantly predicted by another reading ability measure (WIAT-Il reading test), our
conclusion remains that the flexibility of letter position encoding in adult skilled readers reaches

maturation (or near maturation) and varies very little in relation to cognitive skills.

We suggest that differences in the flexibility of letter position encoding in adults related to
individual differences may appear where differences in cognitive skills are larger, for example
where samples include struggling or developing readers. Hasenacker and Schroeder (2022)
demonstrated that in a longitudinal study of children, the size of TL effect (in a lexical decision
task) was modulated by the readers’ orthographic knowledge. We suspect that if there are
important differences in the magnitude of the TL effect that occur in relation to reading skill in
adults, these differences will be better seen across the entire population of poor to very skilled
readers, as opposed to in our sample of average-to-very-skilled. Additionally, the target words in
our sentences were not complex, and all skilled readers are likely to have been very successful at
identifying them using a coarse-grained word reading strategy (Grainger & Ziegler, 2011). Future
research may consider using more complex words to increase the power to discriminate between
skilled readers in their use of phonological or orthographic word identification processes of less

familiar words.

Similar to our previous investigations of individual differences in skilled adult readers (Lee,
Godwin et al., 2023), a PCA in the current analyses grouped together skills that have previously
been linked to lexical quality (vocabulary, spelling ability and reading experience; Perfetti, 2007;
Perfetti & Hart, 2002; Andrews, 2015). We found that these skills were related to general
sentence processing with faster fixations and shorter reading times associated with high levels of
reading skill, in line with previous research (Lee, Godwin et al., 2023). This is consistent with the
Lexical Quality Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002) in that words were

identified more quickly by participants with higher quality lexical representations indexed by high
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scoreson this component, and is in line with previous research about skills associated with lexical

quality (Veldre et al., 2017; Rayner, 1998).

Importantly, we note that in our PCA, the comprehension subtest of the WIAT-1l was
associated with lexical proficiency (PC1) whereas the comprehension subtest of the NDRT was
distinct and that these tests were weakly correlated (r = 0.15) (Dancey & Reidy, 2007). Although
both are standardised measures of comprehension, it appears that they measure distinct
underlying constructs, (as also noted in a previous investigation by Lee, Godwin et al., 2023).
Differences in constructs measured by tests that share a name provide an example of the Jingle
fallacy (Thorndike, 1904). Therefore, reading comprehension measures should be selected

carefully for future research.

3.5.3 Conclusion

We conclude that in general skilled adults encode letter position more flexibly than letter
identity, with a greater processing cost associated with changes in letter identity than changes in
letter position. We observed very few individual differences in the flexibility of skilled readers’
letter position encoding, suggesting that letter position encoding reaches maturation (or near

maturation) and is fairly stable for skilled adult readers.
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Chapter 4 The Jingle fallacy in Comprehension Tests for

Reading

Charlotte E. Lee, Hayward J. Godwin, and Denis Drieghe

School of Psychology, University of Southampton, United Kingdom.

4.1 Abstract

The Jingle fallacy is the false assumption that instruments which share the same name measure
the same underlying construct. In this experiment, we focus on the comprehension subtests of
the Nelson Denny Reading Test (NDRT) and the Wechsler Individual Achievement Test (WIAT-II).
91 university students read passages for comprehension whilst their eye movements were
recorded. Participants took part in two experimental blocks of which the order was
counterbalanced, one with high comprehension demands and one with low comprehension
demands. We assumed that tests measuring comprehension would be able to predict differences
observed in eye movement patterns as a function of varying comprehension demands. Overall,
readers were able to adapt their reading strategy to read more slowly, making more and longer
fixations, coupled with shorter saccades when comprehension demands were higher. Within an
experimental block, high scorers on the NDRT were able to consistently increase their pace of
reading over time for both high and low comprehension demands, whereas low scorers
approached a threshold where they could not continue to increase their reading speed or further
reduce the number of fixations to read a text, even when comprehension demands were low.
Individual differences based on the WIAT-II did not explain similar patterns. The NDRT
comprehension test was therefore more predictive of differences in the reading patterns of skilled
adult readersin response to comprehension demands thanthe WIAT-II. Our results revealed that
these different comprehension measures should not be used interchangeably, and researchers
should be cautious when choosing reading comprehension tests for research.

Keywords: Jingle fallacy, Comprehension Demands, Individual Differences
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4.2 Introduction

Reading comprehensionis a complex task made up of interactions between the features of
a text and the skill and strategies of the reader (Kintsch, 1988; Perfetti & Stafura, 2014; Van Den
Broek et al., 1999). The Simple View of Reading (Gough & Tunmer, 1986) describes the basic
requirements for reading as the ability to decode and identify words in text by converting
graphemesinto phonemes combined with the ability to understand information presented orally
(language comprehension). However, in the more complex Construction-Integration (Cl) model of
reading comprehension (Kintsch, 1998), text is represented by a surface structure (semantic
representations of words within a text), a textbase (a representation of the explicit meaning of
the whole text, coherently integrating each word meaning) (Kintsch & Rawson, 2005), and a
situation model(where areader createsa modelof the situation, integrating the explicit meaning
of the text with their own world knowledge). For shallow comprehension, a textbase is sufficient,
however for deeper understanding a situation model is required. Differences in theoretical
conceptualisation of comprehension can result in differences in the underlying mechanisms
measured by comprehension tests based upon them. Indeed, inconsistencies in research where
skills measured by cognitive tasks are used to predict readers’ performance on reading
comprehension measures have been suggested to reflect differences in underlying cognitive
mechanisms (Cutting & Scarborough, 2006; Keenan et al., 2008; Kendeou et al., 2012; Méziere et
al., 2023). The current paperstrivesto shed some light onthe problemsthatresearchers may face
when selecting reading comprehension tests, and the direct impact that test selection can have

on conclusions based upon them in eye tracking investigations.

In some of our previous eye movement investigations of average-to-very-skilled readers
(Lee, Godwin et al., 2023; Lee, Pagan et al., 2023) we found that two often-used reading
comprehension subtests from standardised reading ability measures failed to load togetherin a
principal components analysis and were only weakly correlated (r=0.21, (Lee, Godwin et al.,
2023), r = 0.15(Lee, Pagén et al., 2023)). These subtests were from the Wechsler Individual
Achievement Test (WIAT-II UK; Wechsler, 2005) and the Nelson Denny Reading Test (NDRT;
Brown et al, 1993). We concluded that these comprehension tests might be assessing different
underlying skills. Since these measures are both named ‘reading comprehension’, this would
present a clear example of Thorndike’s Jingle fallacy: that is, the misleading assumption that two
measures assess a single underlying construct because they share the same name (Thorndike,
1904). Although not uncommon in psychological research, where a variety of tests are available to
assess common constructs, problems when selecting and reporting appro priate measures can

lead to questionable research practices when used for scientific purposes (Flake & Fried, 2020).

92



Chapter 4

The aim of the current paper is to extend our previous investigations to directly test the
differences between the two tests by using them to predict differences in eye movement patterns
reflective of different comprehension demands and to further highlight the pitfalls of comparing

research that uses either test for this area of research.

We start by discussing some qualitative differences in the format of the two
comprehension tests that may provide some insight into the underlying constructs that are being
tapped into by each one. First, the NDRT exclusively features non-fiction passages whereas the
WIAT-I1Il features more varied text formats, with some fiction and non-fiction passages as well as
single sentences. Previous studies have noted that differences in the format of reading materials
(sentences vs paragraphs, Radach et al., 2008; fiction vs non-fiction, e.g., Best et al., 2008;
McNamaraet al., 2011; Zwaan, 1994) can impact reading behaviour as reflected in eye movement
measures. Reading times are longer and rereading is more common for sentences presented
within paragraphsthan for sentences presented alone, which suggests that text formatinfluences
the reading strategy used to comprehend the text (Radach et al., 2008). Best et al. (2008) also
showed that comprehension accuracy was higher for narrative texts than expository texts (non-
fiction/scientific) and performance on each was predicted by different individual skills. Decoding
skills were akey element for successful narrative text comprehension, whereas world knowledge
was more important for successful expository text comprehension. While this may suggest that
narrative textsincluded in the WIAT-1l where comprehension is suggested to be higher, might be
‘easier’ for skilled readers, it also suggests that a reliance on non-fiction passages in the NDRT
may result in greater overlap with general knowledge. This was also suggested by Ready et al.
(2013) followingwork by Coleman et al. (2010) who found that college students could answer the
questions on NDRT comprehension tests and achieve a greater-than-chance level of accuracy
without actually reading the associated passages. In addition, Eason et al. (2012) concluded that
higher-order cognitive skills such as inferencing, planning and organising information were the
best predictors of better comprehension when texts and questions were complex, which may
indicate cognitive skills that are more likely to be underlyingthe NDRT comprehension test scores

than the WIAT-II scores.

Both tests also feature explicit differences in reading instruction since the WIAT-Il includes
a combination of silent and oral reading, whereas the NDRT only features silent reading. Reading
aloud involves articulating the text as well as the standard process of reading, and evidence from
the eye-voice span (the distance between the location of a fixation and the articulated word)
demonstrates that oral readinginvolves additional working memory processes (Laubrock & Kliegl,
2015). Hale et al. (2007) investigated differences in reading aloud and silently and found that for

children across grades 4-12 reading comprehension was higher when reading aloud than when
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reading silently. In addition, some prior research suggests that changing oral and silent reading
tasks in comprehension tests may lead to different outcomes, though this has been noted
specifically in relation to differences between children with reading difficulties and average
readers (Garcia & Cain, 2014). Much less is known about how comprehension changes when
adults read aloud. A survey by Duncan and Freeman (2020) reported that, of 529 respondents,
67.5 % said that they read aloud to understand difficult text (though they noted that this was
usually only brief). Gambrell and Heathington (1981) reported that 36 % of poor adult readers
said that they could read more quickly when reading aloud compared to just 4 % of good readers.
It may be that an oral reading task to assess comprehension is less informative for adult readers

due to individual differences, though more research is needed to investigate this.

Anothernotable difference is that testingin the WIAT-Ilis administered by an experimenter
who asks questions aloud to the participant and records their spoken responses on paper,
whereas the NDRT is administered independently. This procedural difference could lead to
performance anxiety for participants when taking the WIAT-1l and may introduce noise into data
collected under these conditions. This may be especially important where participants are
sometimes asked to read aloud. In contrast it may mean that the NDRT has comparatively less
control to determine whether a participant is properly engaging with the task. This aspect
highlights another qualitative difference in the administration of the WIAT-II in comparison to the

NDRT.

A good comprehension test should be able to predict differences in behaviour between
tasks that vary in comprehension demands. Eye movement measures reflect complex cognitive
processes active during reading (Liversedge & Findlay, 2000; Rayner; 1998). The current paper
therefore investigated global reading strategies for paragraph reading and aims to examine
whetherthe differences we described between the comprehension subtests of the WIAT-1l and
the NDRT impact their ability to predict eye movement patterns reflecting changes in

comprehension demands.

We turn our focus now to individual differences in adult readers’ eye movements. Skilled
adult readers typically read more quickly, make fewer and shorter fixations, longer saccades and
fewer regressions than less skilled readers (Rayner, 1998; Ashby et al., 2005). However, reading
skill is not directly related to reading rate, and a speed-accuracy trade-off means that faster
reading eventually leads to lower levels of comprehension (Rayner et al., 2016). There is much
variability within groups of skilled adult readers with fixation durations varying between
approximately 50-600 ms and saccade lengths between 1-20 letter spaces (Rayner, 2009;

Andrews, 2012). Skilled readers also vary in how they respond to features of a text. Ashby et al.
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(2005) found that poor adult readers (identified using NDRT reading comprehension and
vocabulary tests) benefitted more from highly constraining se ntential contexts compared to
skilled readers. Similarly, Bisanz et al. (1992) reported a complex relationship between reading
ability and reading times in line with Stanovich’s (1980) interactive-compensatory model which
stated that poor readers, who had below average bottom-up processing skills, would rely more
heavily on contextual cues when they were available. Bisanz et al. (1992) showed that poor
readers actually read some sentences more quickly than skilled readers. It has been suggested
that some readers might use a ‘risky’ reading strategy where they read more quickly and make

fewer refixations than other readers (O’Regan, 1992).

In addition to the differences observed between readers, intra-individual differences
(variability within the same reader) can also influence reading behaviours. It has been well
established that task demands can influence the way that readers process a text: skilled readers
are able to adjust their reading behaviours (and pace) to the demands of the task (Tinker, 1958)
and are able to read thoroughly or superficially when needed (Heller, 1982). Aaronson and Ferres
(1984; 1986) noted that skilled readers are more likely to use a ‘recall strategy’ focussed on
structural aspects of a text when a reading task involves direct recall of words/sentences, but
when the taskinvolves true/false questions, theirfocus is driven by the meaning of the text using
a ‘comprehension strategy’. This research was influential as it gave clear evidence that skilled

readers had some autonomy over how deeply they processed a text.

It has been noted that when texts are more difficult, a more ‘careful’ strategy might be
used where, in comparison to a risky reading strategy (O’Regan, 1992), readers tend to make
more refixations, have smaller average fixation durations and smaller saccade amplitudes (Inhoff
& Radach, 1998). Researchers have investigated whether these strategies can be observed for
identical sentences when different comprehension demands are placed upon them. Radach et al.
(2008) investigated differences in eye movement behaviours related to the specific reading task
as well as different text formats. Participants took part in one of two tasks: comprehension,
where participants were asked detailed questions about the text; and a word verification task
where participants had to indicate which word had appeared in the sentence from some given
options. Radach et al. (2008) also compared eye movement measures within these groups for
identical sentences that were either embedded within a passage or were presented alone.
Researchers concluded that top-down processes influenced by the task (comprehension vs word
identification) and format of the text (sentences vs paragraphs) clearly impacted the eye
movement record. Word-viewing times were significantly longer on comprehension tasks and

more fixations were made on a word in this task than in the verification task, indicating more
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careful reading when reading for comprehension. Passages were read more quickly on the first-

pass but featured more rereading than sentences.

Similarly, Wotschack and Kliegl (2013) investigated the effect of easy ‘verification’ questions
(after 27 % of sentences) compared to ‘hard’ comprehension questions about sentence meaning
(following 100 % of sentences) and found that the more difficult questions were associated with
more careful reading as indicated by more rereading and more regressions. However, they found
that accuracy was high in both conditions and questioned the strength of their manipulation. In
response, Weiss et al. (2018) aimed for a stronger difficulty manipulation and investigated ‘easy’
lexical verification questions versus ‘difficult’ comprehension questions that required resolving
some syntactic ambiguity. For example, a sentence containing a subjective relative clause such as
The chef that distracted the waiter sifted the flour onto the counter, was followed by an easy
qguestion: Did a chef do something? Or a difficult question: Did the waiter distract the chef? They
did see differences in accuracy between the difficult (83 %) and easy (97 %) conditions, and also
found that participants made more regressions and spent more time rereading texts in the
difficult condition but that no disruptions were seenin first pass fixation times. Weiss et al. (2018)
concluded that inflated differences happened at the end of passages even when the ambiguity
occurred earlier in the sentence. Accuracy was not predicted by the magnitude of the disruption,
suggesting that the increased processing time was a ‘checking me chanism’ rather than additional

information processing.

Christianson et al. (2017) reached a conclusion similar to Weiss et al. (2018) in a study that
investigated rereading behavioursin garden-path sentences (where an ambiguity in the sentence
meaning is revealed fairly late in the sentence e.g. The babysitter who was purchased a gift card
thanked the parents) vs. local coherence structures (where ambiguities were resolved earlier, e.g.
The parents thanked the babysitter who was purchased a gift card). They found that rereading
behaviours were more consistent with confirmatory rereading (checking) than revisionary
rereading (forunderstanding) because rereading was not consistently predicted by critical regions
in the sentence structure, and rereading behaviours were not predictors of offline comprehension

accuracy.

Recentinvestigations have looked more closely at rereading behaviours and have started to
examine individual differences in rereading. A study by Andrews and Veldre (2021) investigated
‘wrap-up’ effects in tasks with different comprehension loads in relation to individual differences
in reading proficiency (measured by vocabulary, reading comprehension reading rate (NDRT),
spelling dictation and spelling recognition (Andrews & Hersch, 2010)). Wrap-up effects (Just &

Carpenter, 1980) are where longerreadingtimes are observed at clause and sentence boundaries,
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where readers integrate information before moving forward in a text (Aaronson & Scarborough,
1976; Rayner et al., 2000). Wrap-up times have been associated with the goals of the reading
task, for example ina study by Stine-Morrow et al. (2001) where differences in wrap-up predicted
recall but not comprehension success. Importantly, Andrews and Veldre assessed readers’
individual differences in spelling, reading comprehension (NDRT), vocabulary and reading rate
alongside manipulating how often comprehension questions occurred (after 25 % of passages or
100 % of passages). They found that comprehension load had little effect on wrap-up, however it
did lead to shallower (more risky) reading strategies when comprehension demands were low,
with longer passage reading times, more refixations and regressions, but no differences in
average fixation times or forward saccade lengths. Andrews and Veldre (2021) found that the
better readers (as identified via a composite score of the individual differences measures that
have been shown to provide a good assessment of lexical quality; Andrews et al., 2020; Andrews;
2015; Veldre & Andrews, 2015a; 2015b; Perfetti, 2007) generally read passages more quickly,
made fewerand shorterfixations, longer forward saccades and marginally fewer regressions than
poorer readers. They did not find that reading proficiency composite scores interacted with the
effect of comprehension load on eye movement measures but they noted that accurate
comprehension was associated with more consistent reading behaviour, where readers did not

adjust their reading strategy much in response to comprehension load.

Reading strategies may of course be adapted overtime during an experiment. Forexample,
readers may read through early trials more slowly when they have high comprehension demands,
until they are familiar with the format of the questionsin the experime ntal block, after which they
may adjust their reading rate to speed up processing time. This rate of adaptation may be
modulated by individual differences, whereby better comprehenders might be able to increase
their reading rate to one that is optimal/preferred more quickly over trials than less skilled
comprehenders. Therefore, besides examining the differences between predictions based on two
comprehension tests, a second goal of current study was to determine whether individuals alter
their reading strategies in response to comprehension demands gradually as trials progress. We
were interested to see if individual differences in reading ability predicted differences in the rate
of adaptation to different comprehension demands as well as whether discrepancies occurred
between the two measures of reading comprehension that we included. Following Radach et al.
(2008), identical reading materials were used between conditions in the current study to directly
compare the influence of comprehension demands placed on the reader via differences in the

difficulty of questions that followed.

We expected high scores on the comprehension tests to predict faster passage reading

times as fastersentence reading times were associated with higher scores on the comprehension
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subtests from the WIAT-1l (Wechsler, 2005) and the NDRT (Brown et al., 1993) in Lee, Godwin et
al. (2023) and Lee, Pagan et al. (2023). Note however that the format of our experimental
materials in the current study (paragraphs) was different in comparison to our previous
investigations (sentences). Longer reading times and more rereading have been observed for
passages compared to sentences (Radach et al., 2008). Similarly, since comprehension was
included as part of the composite measure of reading proficiency in Andrews and Veldre (2021),
who found that higher reading proficiency predicted faster passage reading times, shorter
average fixation durations, longerforward saccades and a greaternumber of regressions than low

proficiency, we expected similar patterns to emerge for our comprehension scores.

We expected that higher offline comprehension scores would predict faster passage
reading times, shorter average fixation durations, longer forward saccades and fewer regressions.
Higher comprehension demands were expected to increase the number of fixations and the time
that participants spent reading the passages. We anticipated that all readers would adapt their
reading strategy to become more efficient (they would make fewer fixations, longer saccades,
shorter fixations and read passages more quickly), but that there might be individual differences
observed in the rate of adaptation or ceiling levels in saccade lengths that poorer readers could
reach, since poorer readers have been shown to have shorter rightwards perceptual spans (in
languages read left to right) than better readers (Veldre & Andrews, 2014). Similarly, as poorer
readers usually exhibit slower reading times and longer fixations than skilled readers (Rayner,
1998; Ashby et al., 2005; Andrews & Veldre, 2021; Lee, Godwin et al., 2023; Lee, Pagén et al.,
2023) we anticipated floor effects for poor readers’ minimum passage reading times, fixation
durations and the number of fixations. Since the intended population was skilled adult readers, it
was likely that accuracy would be high across tasks (as was observed in Andrews & Veldre, 2021,
and Wotschack & Kliegl, 2013). Therefore, because comprehension accuracy is often higher for
narratives than expository texts (Best et al., 2008), expository passages were used in the current

study to maximise the likelihood of variability in accuracy scores?®.

10 We note that the NDRT exclusively uses expository texts to measure comprehension, therefore it may be
more similar in format to the passages used in this experiment. As noted by Ready et al. (2013) and
Coleman etal. (2010), the NDRT may also feature a high degree of overlap with general knowledge or world
knowledge, which has been found to be associated with expository text comprehension. Therefore, it will
not be surprising if the NDRT predicts higher comprehension accuracy across conditions, than the WIAT-II,
which features more varied reading formats. We also anticipate that the WIAT-Il may be more noisy in its
predictions due to some performance anxiety induced by the experimenter’s presence.
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4.3 Method

4.3.1 Participants

Participants were 91 students and staff from the University of Southampton (11 Males, M =
20.27 years, range = 18 — 45 years). An additional 9 participants took part in the study, but their
data were removed from the final dataset due poor overall accuracy (below 60 % where chance
level was 50 %). Participants were all native English speakers with normal or corrected to normal
vision and no known reading difficulties. Participants received course credits or £25 for
completing the study. A power analysis using simulations in R (simR, Green & MaclLeod, 2016)
based on data from the first 10 participants revealed that a sample size of at least 35 participants
would be necessary to generate 80 % statistical powerfor our analyses. The sample size collected

for this study exceeded this target.

4.3.2 Apparatus

Paragraphs and questions were presented on a 21-inch CRT monitor, with a refresh rate of
120 Hz and a resolution of 1024 x 768 at a viewing distance of 60 cm. Passages were presented in
Courier New, size 14 font on a grey background; three characters equated to about 1° of visual
angle. Although reading was binocular, eye movements were recorded from the right eye only
using an Eyelink 1000 tracker (S.R. Research Ltd.). Forehead and chin rests were used to minimize
head movements. The spatial resolution of the eye tracker was 0.05°, and the sampling rate was

1000 hz.

Participants used a 14-inch Dell Laptop Computer to complete the NDRT comprehension
test administered using an online web browser running Qualtrics. Participants were required to
select answers using a mouse. During WIAT-1l comprehension test researchers used the testing

flip pad and scoring sheets included in the test pack.

4.3.3 Materials

Forty experimental paragraphs (M = 138.33 words, SD = 19. 28) were adapted from freely
available online practice comprehension tests (“Determine the main idea”, 2021). Two conditions
were created for each paragraph, one with low comprehension demands where participants were
asked “Whatis the passage about?” and were given two short options that consisted of a word or
phrase (e.g., Synaesthesia/Claustrophobia). One option was directly related to the passage and

the otherwas unrelated. In the high comprehension demands condition participants were asked,
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“What is the main idea of the passage?” and two longer and more detailed options were
presented from which participants were asked to selectan answer (e.g., People with synaesthesia
experience a fusing of different senses/People with synaesthesia may hear a sound when they
touch an object). In this condition, both answers were related to the passage, but one provided a
better evaluation of the passage meaning. Questions were similarly phrased but differences were
presented by the type of options available, and level of detail needed to select a correct answer.
Paragraph naturalness and comprehension question difficulties were independently rated by
participants who did not take part in subsequent testing. Passages were rated on a scale from 0
(very unnatural) to 100 (very natural) (M = 63.04, SD = 5.31) and questions were rated on a scale
of 0 (very easy) to 100 (very difficult). High comprehension demand questions wererated as more
difficult (M = 23.71, SD = 4.45) than low comprehension demand questions (M = 19.97, SD = 3.67),
t (49) = - 8.57, p < .001. Two counterbalanced lists were then created so that each participant
viewed 20 of each question type but did not view the same paragraph twice. The paragraphs
occupied 10 - 13 lines on the screen (M = 859.95 characters including spaces, Max = 1159

characters).

434 Design and Procedure

Testing took place overtwo sessions with a minimum of two days in between them. During
the first session participants were given an information sheet and consent form and completed
two eye tracking tasks (the first eye tracking task was for a separate experiment), followed by the
experimenteradministered WIAT-Il comprehension test and some other cognitive tasks belonging
to an unrelated experiment. The same experimenter administered this task to all participants to
control for as much experimental variation between participants as possible. A script was read
from the test materials to ensure that instructions were identical for all participants. Participants
read passages (short narratives and information texts) aloud or silently and were asked literal and
inferential comprehension questions by the experimenter, participants gave spoken responses

which the experimenter transcribed.

For the eye tracking task, participants were asked to sit comfortably at the computer,
resting their chin on a chinrestand were then guided through the set up and 9-point calibration of
the eye tracker by the researcher. Participants were then required to direct their gaze to a fixation
cross presented in the upper left portion of the screen. Once participants fixated upon the cross
sentences were presented and always began at the location marked by the fixation cross.
Participants were asked to read the paragraphs and answer questions presented on the screen
using the keyboard to respond. Participants either answered complex (high comprehension

demands) or simple questions (low comprehension demands) depending on the condition. The
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same participants completed both conditions over two sessions. Eye tracking sessions took place
on two separate days. At the start of the blocks, participants read five practice paragraphs with
questions matching the type for the current condition. Practice questions were followed by 20
experimental paragraphs that were each followed by a comprehension question. Block order was
counterbalanced so that participants who read paragraphs and answered questions with high
comprehension demands in session 1, then read paragraphs and answered questions with low
comprehension demands in session 2 and vice versa. Block order was randomly assigned and

within each block trial order was randomised. Participants could take breaks when needed.

During the second session participants took part in the second part of the eye tracking task
(featuring the condition that they had not yet completed). Participants were then asked to
complete the NDRT comprehension test, and some otheronline tasks fora separate study. During
the NDRT participants silently read up to 7 passages and answered 5 - 8 MCQ questions about
them with 4 available options. Questions appeared below the passages on the same screen. On
the first passage participants were stopped after 1 minute and were asked to record the number
corresponding to the line that they had been reading to measure their reading rate. Testing
automatically stopped after 10 minutes and answers were recorded. Testing for the NDRT
comprehension test followed a half-timed procedure, in which the standard time limit for
completing this test was reduced by half. This procedure has been shown to generate a more
normal distribution for university student readers (like those who took part in the current study)

than the standard time limits in an investigation by Andrews et al. (2020).

4.4 Results

44.1 Data Cleaning

Overall accuracy on comprehension questions was high but not at ceiling level (M = 79.26
%, SD = 6.38). Reading comprehension scores on WIAT-Il were calculated and normed following
guidance from the experimenter manual (M = 110.47, SD = 9.37, range = 71— 124). NDRT
comprehension scores were calculated based on raw scores due to the half-timed aspect of the
task. NDRT (M = 57.64, SD = 11.02, range = 20 - 74), and were weakly correlated with the WIAT-II
comprehension scores (r=0.22, p =.039) based on criteria from Dancey and Reidy (2007) where a
correlation coefficient between 0.10 and 0.30 is considered weak. Scores on both tests were

standardised for further analyses.

Eye tracking trials identified by the experimenter as having issues with tracker loss or

featuring excessive blinking were removed prior to the analysis. Fixations shorter than 80 ms that

101



Chapter 4

landed within one character of the previous or next fixation were merged. Then, of the remaining
fixations, those shorter than 80 ms and longer than 800 ms were removed. Practice trials were
also removed. Due to an error in the programming of the experiment, texts were presented with
a justified alignment which meant that word level data would have confounds between word
length and visual extent. For this reason, word level measures such as regressions and refixations

were not included in these analyses.

The following global eye tracking measures were calculated for each trial; Number of
Fixations (total number of fixations made on a trial); Average Fixation Duration (mean duration in
ms of all fixations in a trial); Forward Saccade Length (the distance in degrees of visual angle
between one fixation and the next); and Total Passage Reading Time (total time in ms spent
reading the passage in a trial). Trials where total passage reading times fell outside of 2.5 standard
deviations from the mean for each participant were removed as outliers (1.31 % of data
removed). Data were then removed for each eye movement measure per participant that fell
outside of 2.5 standard deviations from the mean (Number of Fixations (0.59 % data removed);
Average Fixation Duration (0.88 % data removed); Forward Saccade Length (1.16 % data
removed). Descriptive statistics per condition for these measures were calculated across

participants and are displayed in Table 4.1.

Table 4.1

Descriptive Statistics for Eye Movement Measures (ms)

Condition Min Max Mean SD
Number of Fixations Low 42.00 285.00 138.38 33.43
High 65.00 26000  143.64  33.95
(Ar;i)r age Fixation Duration 13853 28594  206.14  24.06
High 14430 27917 20679  23.80
A F
verage Forward Saccade | 3.38 9.66 6.07 0.98
Length (visual degrees)
High 3.41 9.25 5.99 0.99
(Tr(:\tsl Passage Reading Time | | 8383.00 58115.00 28854.00 8484.70
High 11232.00 63869.00 30138.17 8868.98.00

Note. Descriptive statistics are based on participant means per condition.
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4.4.2 Linear Mixed Models

Eye movement measures were analysed using the Ime4 package (version 1.1-31; Bates et
al., 2015) in R (version 4.2.2; R Core Team, 2022). Data were checked for normality and were not
transformed for modelling as their distribution closely resembled a normal distribution. Binomial
Generalized Linear Mixed Models were used to model accuracy data. The following model
building strategy was followed. Models started with fixed effects of interest: the main effect of
experimental condition (low vs high comprehension demands), either the NDRT or WIAT-II
comprehension test scores and the trial number and all the interactions. A full random structure
was included for subjects and items. The maximal model (Barr et al., 2013) was achieved by
starting with the full random structure and stepwise trimming of the structure until the model
converged. Slopes were first trimmed from the random effects structure where perfect
correlations were indicated and subsequently starting with the factors that explained the smallest

amount of variance until the model converged.

4.4.2.1 Number of Fixations

Models shown in Table 4.2 and Table 4.3 indicated that overall, more fixations were made
on paragraphs where comprehension demands of the questions were high compared to when
they were low. The number of fixations decreased slightly over trials, however, asignificant three -
way interaction between trial number, condition and scores on the NDRT comprehension test
revealed a more complex pattern based on individual differences (Table 4.2). Figure 4.1 shows
that high scorers on the NDRT comprehension test reduced the number of fixations further into
the experimental session. They also made more fixations in the high comprehension demands
condition and these two factors did not interact. A different pattern emerged for the low scorers
on the NDRT comprehension test. Low scorers did make more fixations on a paragraph at the
beginning of the experiment than on trials nearing the end of the experiment, but when
comprehension demands were low, this decrease was not as steep. This pattern may indicate that
less skilled comprehenders were nearing floor effects where they were close to the minimum
number of fixations that they could accommodate whilst still reading for comprehension when

comprehension demands were low.

No significant interactions or individual differences were observed forscores onthe WIAT-II
comprehension test, and in this model a trial by condition interaction was marginally significant

(Table 4.3).
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Table 4.2

LMM for Number of Fixations predicted by NDRT Comprehension and Interactions with Trial

Number and Condition.

8 95 % C/ t df p

Intercept 153.47 [147.01, 159.92] 46.60 140.91 <.001 ***
Trial Number -0.75 [-0.85, -0.64] -14.38 3300.23 <.001 ***
Condition 9.64 [5.20, 14.07] 4.26 335.04 <.001 ***
NDRT Comprehension -1.10 [-6.65, 4.46] -0.39 104.33 .699
Trial Number x Condition -0.22 [-0.42, -0.01] -2.09 3302.67 .037 *
Trial Number x NDRT

) -0.16 [-0.26, -0.06] -3.13 3299.89 .002 **
Comprehension
Condition x NDRT

. -4.23 [-8.60, 0.14] -1.90 346.14 .059.
Comprehension
Trial Number x Conditionx ) ¢ [0.05, 0.45] 241 330046 .016*

NDRT Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the

change when going from low to high comprehension demands. The final random effects structure

included condition (high/low comprehension demands) as slopes for subjects and stimuli.
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Table 4.3
LMM for Number of Fixations predicted by WIAT-Il Comprehension and Interactions with Trial

Number and Condition

6 95 % C/ t df p

Intercept 153.17 [146.69, 159.64] 46.35 140.84 <.001 ***
Trial Number -0.77 [-0.87, -0.67] -14.77 3302.63 < .001 ***
Condition 9.22 [4.78, 13.65] 4.07 351.96 <.001 ***
WIAT-Il Comprehension 1.90 [-4.39, 8.20] 0.59 104.53 .555
Trial Number x Condition -0.18 [-0.39, 0.02] -1.77 3303.08 .076.
Trial Number x WIAT-II

. 0.07 [-0.04, 0.18] 1.21 3300.95 .226
Comprehension
Condition x WIAT-II

. -0.18 [-5.14, 4.78] -0.07 351.61 .943
Comprehension
Trial Number x Condition x 0.06 [-0.29,0.17] 051 330098 .611

WIAT-Il Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the
change when going from low to high comprehension demands. The final random effects structure

included condition as a slope for subjects and intercept only for stimuli.
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Figure 4.1
A Three-Way Interaction between NDRT Comprehension Scores, Condition (high vs low

Comprehension Demands) and Trial Number on the Number of Fixations made when Reading a

Paragraph
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Note. Shaded areas represent 95 % confidence intervals.

4.4.2.2 Average Fixation Duration

Table 4.4 and Table 4.5 present models for average fixation durations. These models
indicated that overall, average fixation durations increased slightly over trials. A three-way
interaction between trial number, condition and scores on the NDRT comprehension test was
observed (Table 4.4). Figure 4.2 shows that for low scorers on the NDRT average fixation
durations increased from early to late trials in the experiment. For the high scorers a different
pattern emerges depending on the comprehension demands with average fixation time going up

when comprehension demands are high and going down when they are low.

WIAT-1l comprehension scores were not significant predictors of average fixation durations

(Table 4.5), though an interaction of trial by condition was marginally significant.
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LMM forAverage Fixation Durations (ms) predicted by NDRT Comprehension and Interactions with

Trial Number and Condition

8 95 % Cl t df p

Intercept 205.48 [200.82, 210.14] 86.42 98.98 <.001 ***
Trial Number 0.10 [0.05, 0.15] 4.00 3300.34 <.001 ***
Condition -0.41 [-2.71, 1.89] -0.35 280.96 .729
NDRT Comprehension -2.18 [-6.75, 2.38] -0.94 94.13 .351
Trial Number x Condition 0.07 [-0.03, 0.17] 1.43 3301.82 .154
Trial Number x NDRT

. -0.07 [-0.12, -0.03] -2.97 3299.18 .003 **
Comprehension
Condition x NDRT

. -2.62 [-4.89, -0.34] -2.26 278.34 .025 *
Comprehension
Trial Numberx Conditionx 1, ;, [0.02, 0.21] 231 329620  .021*

NDRT Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates representthe

change when going from low to high comprehension demands. The final random effects structure

included condition as a slope for subjects and intercept only for stimuli.
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Table 4.5

LMM for Average Fixation Durations (ms) predicted by WIAT-Il Comprehension and Interactions

with Trial Number and Condition

8 95 % C/ t df p

Intercept 205.58 [200.90, 210.26] 86.08 98.93 <.001 ***
Trial Number 0.09 [0.04, 0.14] 3.64 3297.93 < .001 ***
Condition -0.65 [-2.96, 1.66] -0.55 280.78 .580
WIAT-II Comprehension -3.27 [-8.44, 1.90] -1.24 94.18 .218
Trial Number x Condition 0.09 [-0.01, 0.19] 1.75 3298.81  .080.
Trial Number x WIAT-II

. 0.01 [-0.04, 0.07] 0.38 3297.93 .703
Comprehension
Condition x WIAT-II

. -0.02 [-2.60, 2.56] -0.01 278.01 .989
Comprehension
Trial Numberx Conditionx_ \o 1416 0,06] -0.87 329843 .383

WIAT-II Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the

change when going from low to high comprehension demands. The finalrandom effects structure

included condition as a slope for both subjects and stimuli.
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Figure 4.2
A Three-Way Interaction between NDRT Comprehension Scores, Condition (high vs low

Comprehension Demands) and Trial Number on Average Fixation Durations (ms) when Reading a

Paragraph
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Note. Shaded areas represent 95 % confidence intervals.

4.4.2.3 Average Forward Saccade Length

Models for average forward saccade lengths are displayed in Table 4.6 and Table 4.7. In
both models, longer forward saccades were observed for passages with low comprehension
demands than for identical passages with high comprehension demands. A slight increase in
forward saccade length over trials was also predicted by both models. Table 4.6 shows that a
three-way interaction between trials, conditions and NDRT comprehension scores was significant
though numerically small. Differences can be seen in Figure 4.3, where those who scored highly
on the NDRT made slightly longer forward saccades when comprehension demands were low
compared to when comprehension demands were high, but in both comprehension demand
conditions forward saccade lengths became longer further in the experiment. Low scorers also
made longer forward saccades when comprehension demands were low than when they were

high, however the average length of their forward saccades only increased over time when
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comprehension demands were high. When comprehension demands were low, these readers did
not make longer forward saccades over trials, with comparable average forward saccade lengths

across all trials.

No significant effects of individual differences in WIAT-Il comprehension test scores were

observed for average forward saccade lengths (Table 4.7).

Table 4.6
LMM for Average Forward Saccade Length (degrees of visual angle) predicted by NDRT

Comprehension and Interactions with Trial Number and Condition

8 95 % ClI T df p
Intercept 5.89 [5.70, 6.08] 60.79 104.80 <.001 ***
Trial Number 0.01 [0.01, 0.01] 7.37 3279.81 <.001 ***
Condition -0.14 [-0.24,-0.04] -2.72 340.04 .007 **
NDRT Comprehension 0.02 [-0.16,0.21] 0.26 96.07 .797
Trial Number x Condition 0.00 [0.00,0.01] 1.68 3289.38 .092.

Trial Number x NDRT

. 0.01 [0.00, 0.01] 5.19 2762.05 <.001 ***
Comprehension

Condition x NDRT Comprehension 0.10  [0.00, 0.20] 1.94 334.43 .054.

Trial Number x Condition x NDRT

. -0.01 [-0.01,0.00] -2.16 2633.99 .031 *
Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the
change when going from low to high comprehension demands. The finalrandom effects structure

included condition as a slope for subjects and NDRT comprehension scores as a slope for stimuli.
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LMM for Average Forward Saccade Length (degrees of visual angle) predicted by WIAT-1I

Comprehension and Interactions with Trial Number and Condition

8 95 % Cl t df p

Intercept 5.88 [5.69, 6.07] 60.24 104.60 <.001 ***
Trial Number 0.01 [0.01, 0.01] 7.99 328476 <.001 ***
Condition -0.14 [-0.24,-0.04] -2.65 351.51 .009 **
WIAT-Il Comprehension 0.06 [-0.15,0.27] 0.54 96.75 .591

Trial Number x Condition 0.00 [0.00, 0.01] 1.41  3287.86 .159

Trial Number x WIAT-Il Comprehension 0.00 [0.00, 0.00] -0.55 2314.64 .580
Condition x WIAT-1l Comprehension 0.01 [-0.10,0.12] 0.19 353.67 .851

Trial Number x Condition x WIAT-II 0.00 [0.00, 0.01] 146 266139 144

Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the

change when going from low to high comprehension demands. The finalrandom effects structure

included condition as a slope forsubjectsand WIAT-Il comprehension scores as a slope for stimuli.
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Figure 4.3

A Three-Way Interaction between NDRT Comprehension Scores, Condition (high vs low
Comprehension Demands) and Trial Numberon the Average Forward Saccade Length (degrees of

visual angle) when Reading a Paragraph
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Note. Shaded areas represent 95 % confidence intervals.

4.4.2.4 Total Passage Reading Times

Models for total passage reading times are presented in Table 4.8 and Table 4.9. In both
models, passages in trials that occurred later in the experiment for both conditions were read
more quickly than earlier passages. Passages were also read more quickly when comprehension
demandswere low compared to when comprehension demands were high (this was significant in
both models). The model presented in Table 4.8 also revealed that total passage reading times
were influenced by a three-way interaction between trials, conditions and NDRT comprehension
scores. Figure 4.4 shows that high scorers consistently read passages more quickly towards the
end of the experimental conditions than at the beginning, and read passages with low
comprehension demands more quickly than passages with high comprehension demands. High

scorers also read more quickly than low scorers by the end of the experiment in both conditions.
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Low scorers on the NDRT comprehension scores displayed a different pattern, where their
reading times were longer when comprehension demands were high compared to low at the
beginning of the experiment and decreased over trials. However, when comprehension demands
were low a potential floor effect was observed for low scorers where only a small decrease in

reading times across trials was seen for passages.

No other significant effects were observed in the model including the WAIT-II
comprehension scores (Table 4.9).
Table 4.8
LMM for Total Passage Reading Times (ms) predicted by NDRT Comprehension and Interactions

with Trial Number and Condition

6 95 % CI t df p
Intercept 31996.48 [30331.38, 33661.57] 37.66 132.60 <.00L ***
Trial Number -144.55  [-168.41,-120.70]  -11.88 332132 <.001 ***
Condition 2152.00 [1081.86, 3222.15]  3.94 30494 <.00L ***
NDRT Comprehension -727.71 [-2219.17, 763.74] -0.96 100.48 .341
Trial Number x Condition -42.15 [-89.90, 5.59] -1.73  3323.40 .084.
Trial Number x NDRT -39.11  [-62.68, -15.55] 325 332014 001 **

Comprehension

Condition x NDRT

. -1270.52  [-2324.79, -216.25] -2.36  311.73 .019
Comprehension

Trial Number x Condition x

* %
NDRT Comprehension 66.07 [19.03, 113.10] 2.75 3321.15 .006

Note. The baseline of the condition termis low comprehension demands. Estimates represent the
change when going from low to high comprehension demands. The finalrandom effects structure

included condition as a slope for both subjects and stimuli.
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Table 4.9
LMM for Total Passage Reading Times (ms) predicted by WIAT-11 Comprehension and Interactions

with Trial Number and Condition

8 95 % Cl t df p
* %k %k
Intercept 31935'5 [30246.02, 33625.02] 37.05 131.55 <.001
Trial Number -150.52 [-174.47, -126.58] -12.32  3321.70 <.001 ***
Condition 2059.34 [986.54, 3132.14] 3.76 308.20 <.001 ***
WIAT-Il Comprehension  -70.65 [-1782.12, 1640.82] -0.08 100.25 .936
Trial Number x Condition -34.52 [-82.43, 13.40] -1.41 3322.80 .158
Trial Number x WIAT-II
. 18.14 [-8.47, 44.76] 1.34 332094 .182
Comprehension
Condition x WIAT-II
. -291.17 [-1483.74, 901.41] -0.48 314.56 .633
Comprehension
Trial Number x Condition
-9.23 [-62.48, 44.03] -0.34 3321.66 .734

x WIAT-Il Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the
change when going from low to high comprehension demands. The finalrandom effects structure

included condition as a slope for both subjects and stimuli.
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Figure 4.4
A Three-Way Interaction between NDRT Comprehension Scores, Condition (high vs low

Comprehension Demands) and Trial Number on Total Passage Reading Times (ms)

-1 SD | | Mean NDRT Comprehension | ‘ +1 8D |
36000 1
z
£
~ 32000 1
]
=
=
= Condition
5
O Low
x .
gu High
£ 28000 1
Ay
=
24000 1
10 15 20 25 10 15 20 25 10 15 20 25
Trial Number

Note. Shaded areas represent 95 % confidence intervals.

4.4.2.5 Accuracy

Neither model showed significant differences in accuracy for high (M = 84 %, SD = 10.69)
compared to low comprehension demands (M = 73.78 %, SD = 7.65), or across trials (Table 4.10
and Table 4.11). In terms of individual differences in accuracy, one interaction between trials,
conditions and WIAT-Il comprehension scores was found to be marginally significant (Table 4.11).
The pattern observed suggested that when comprehension demands were high, high scorers on
this test became more accurate over time, whereas low scorers became less accurate in later

trials. However, these trends were marginal.
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Table 4.10

Binomial GLMM for Accuracy predicted by NDRT Comprehension and Interactions with Trial

Number and Condition

8 95 % Cl z p
Intercept 2.65 [1.54, 3.76] 4.66 <.001 ***
Trial Number 0.01 [-0.02, 0.03] 0.56 .576
Condition -1.57 [-3.97, 0.84] -1.28 .201
NDRT Comprehension 0.05 [-0.40, 0.49] 0.20 .841
Trial Number x Condition 0.02 [-0.03, 0.07] 0.66 .510
Trial Number x NDRT Comprehension 0.01 [-0.01, 0.04] 0.96 .338
Condition x NDRT Comprehension -0.09 [-0.95, 0.76] -0.21 .832
Trial Number x Condition x NDRT 0.00 [-0.06, 0.05] 016 873

Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the

change when going from low to high comprehension demands. The finalrandom effects structure

included intercept only for subjects and condition a slope for stimuli.
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Table 4.11
Binomial GLMM for Accuracy predicted by WIAT-1I Comprehension and Interactions with Trial

Number and Condition

8 95 % Cl z p
Intercept 2.58 [1.49, 3.67] 4.63 <.001 ***
Trial Number 0.01 [-0.02, 0.04] 0.79 .430
Condition -1.48 [-3.85, 0.88] -1.23 .220
WIAT-Il Comprehension 0.06 [-0.42, 0.53] 0.23 .815
Trial Number x Condition 0.02 [-0.04, 0.07] 0.59 .558

Trial Number x WIAT-1l Comprehension 0.01 [-0.02, 0.04] 0.84 401
Condition x WIAT-1l Comprehension -0.59 [-1.51, 0.33] -1.26 .209

Trial Number x Condition x WIAT-II

. 0.05 [-0.01, 0.11] 1.69 .090 .
Comprehension

Note. The baseline of the condition termis low comprehension demands. Estimates represent the
change when going from low to high comprehension demands. The finalrandom effects structure

included intercept only for subjects and condition a slope for stimuli.

4.5 Discussion

The current study investigated two offline reading comprehension tests (the NDRT and the
WIAT-II) as predictors of individual differences in skilled readers’ eye movements during
paragraph reading. Eye movement patterns were investigated under high and low comprehension
demands and across trials. Parallel sets of analyses were conducted for each test to determine
whether individual differences in offline comprehension tests predicted patterns in eye
movement behaviour that was reflective of changes in comprehension demands, and whether
readers adapted to comprehension demands overtime. The main aim was to determine whether
discrepancies arose between the two tests that claim to measure reading comprehension (Lee,
Godwin et al., 2023; Lee, Pagan et al., 2023), and a secondary aim was to investigate whether
individual differences could be observed in the way that skilled readers adapted their reading
strategies over time and in response to comprehension demands. First, we will focus on the

overall patternsin the data across global eye movement measures, then on individual differences
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that were observed, and finally, we will discuss the two offline comprehension tests and

differences in the predictive power associated with them for skilled readers.

45.1 Overall Patterns

Overall, within an experimental block, paragraphs in later trials were read more quickly
than in earlier trials. Reading strategies appeared to become more efficient, or perhaps more
‘risky’ (O’Regan, 1992) over time, with fewer fixations and increasing saccade lengths. Future
investigations would need to include analyses of regre ssions to determine whether readers do
use a riskier reading strategy in later trials since this may be more clearly observed though
rereading behaviours. Participants were not more accurate on the comprehension questions in
any one condition, or over time in the experiment. Though the increased difficulty in the high
comprehension demands condition was confirmed by a pre-test, it may be that for our skilled
readers, the higher demands were not enough to reduce their accuracy. Indeed, the pattern
observed in the means suggested that participants had higher levels of accuracy when
comprehension demands were high, which would be compatible with previous observations by
Andrewsand Veldre (2021). However, this difference was not significant in the analyses. We did,
however, observe differences in eye movement patterns in response to the high and low
comprehension demands. Readers were able to adjust their reading behaviours to the
comprehension demands (Tinker, 1958) and were able to read more thoroughly when
comprehension demands were high and more superficially when comprehension demands were
low (Heller, 1982). Passages with higher comprehension demands were read more slowly, and

featured more fixations and shorter saccades than passages with low comprehension demands.

4.5.2 Individual Differences

Passage reading has the potential to introduce more variance in eye movement data
compared to sentence reading simply due to the increase in processing demands, and the
potentialfor allowing individual differencestobe expressed in more varied ways. Slower reading
and more rereading is often observed during passages compared to sentences (Radach et al.,
2008). Although our data do not echo Andrews and Veldre’s (2021) observations of shorter
passage reading times, shorter average fixation durations and longer saccades directly related to
individual differences in reading proficiency, their findings were based on a composite measure
which included vocabulary, reading comprehension, reading rate and spelling, rather than
comprehension alone. It may be that the direct effects of individual differences on fixation time
measures observed by Andrews and Veldre (2021) are better explained by other measures

included in their composite score (e.g., spelling or vocabulary). In our analyses, individual
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differences as measured by offline comprehension measures seemto predict the response to high

versus low comprehension demands in the way that readers adapt over time.

Analysis of eye movements in relation to NDRT comprehension scores presented a clear
picture of individual differences in response to comprehension demands. When reading
behaviours were measured across trials, there were observable individual differences in the way
that readers adapted their behaviour in response to comprehension demands. Differences
between readers were smaller at the beginning of the experimental blocks and became larger in
later trials where high scorers read more quickly, made fewer fixations and longer saccades than
low scorers. High scorers read passages with high comprehension demands more slowly, with
more fixations and shorter saccades than passages with low comprehension demands, but the
changes over time for high and low comprehension demands were comparable. In contrast, low
scorers adapted their reading behaviours at a slower rate and approached a threshold for the
fastest reading times, lowest number and duration of fixations, and the largest saccade lengths
they were able to accommodate whilst reading for comprehension, even when comprehension
demands were low. This evidence that less skilled comprehenders have a lower limit to how
quickly they can read for comprehension than highly skilled comprehenders complements the
general finding that less skilled readers often read more slowly and make longer fixations than
more skilled readers (Rayner, 1998; Ashby et al., 2005; Andrews & Veldre, 2021; Lee, Godwin et
al., 2023; Lee, Pagéan et al., 2023).

4.5.3 Offline Comprehension Measures

Critically, this pattern of results was highly dependent on which offline measure of
comprehension was used to measure comprehension. Analyses of the same participants’ eye
movement data in relation to their scores on the WIAT-Il comprehension test did not predict
differences in eye movement patterns for different comprehension demands. Earlier, we
described some differences in the format of each test that could indicate differences in the
underlying skills measured by them. We return to these now to consider possible reasons why the

NDRT revealed patterns in our data that the WIAT-II did not.

Higher comprehension accuracy is often observed for questions following narratives than
expository texts (Best et al., 2008). Therefore, expository passages were selected for the current
study to ensure that the materials were appropriate for skilled reading and to maximise the
likelihood of finding variation in accuracy scores within this population. Potentially as a result of
this choice, accuracy scores were not close to ceiling levels in the current study. The NDRT

includes expository texts that are more similar to the current study materials than the WIAT-II
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comprehension test. Therefore, it is reasonable to suggest that comprehension based on similar
test materials will account for a comparatively larger proportion of variance in reading behaviour.
It has also been suggested that the NDRT is closely related to general knowledge (Ready et al.,
2013; Coleman et al., 2010). If the NDRT comprehension measure is highly related to general
knowledge, we would expect to see higherlevels of comprehension accuracy on our experimental

guestions for participants who score highly on the NDRT, but this was not observed.

In contrast, since the WIAT-II comprehension test includes some items that must be read
aloud, it may feature some overlap with working memory processes (Laubrock & Kliegl, 2015).
However, our previous investigations of eye movement behaviours in sentence reading included
the WIAT-1I and a test of working memory (a backwards digit span task) amongst other reading
skill predictors (Lee, Godwin et al., 2023; Lee, Pagan et al., 2023). These investigations did not
suggest thatthere was much overlap between working memory and the WIAT-1l comprehension
testas they did not load togetherin principal components analyses (Lee, Godwin et al., 2023; Lee,
Pagdan etal., 2023). We highlighted some aspects of the WIAT-Il comprehension subtest that may
mean it also has less power to discriminate between skilled adult readers than the NDRT. First,
narrative test comprehension is often higher than expository texts, which may indicate that
portions of the WIAT-Il comprehension test are not difficult enough to allow much variance within
skilled readers. We also noted in the introduction that the reading aloud parts of the test may not
be as informative about individual differences in adults as it is for children since adults rely on
reading aloud less often (Duncan & Freeman, 2020), though furtherresearch would be needed to
confirm this. In addition, the face-to-face aspect of the WIAT-1l may lead to noisier data for adults

where participants might experience performance anxiety.

4.5.4 Conclusion

Overall, it appears that the NDRT comprehension test (notably when following a half -timed
procedure) is more sensitive to differences in eye movement behaviours in response to high and
low comprehension demands observed between skilled adult readers compared to the WIAT-II
comprehension test. Individual differences captured by the half-timed version of the NDRT have
been previously shown to be sensitive to individual differences in skilled readers eye movements
(Andrews et al., 2020). The current study extends this and suggests it can be used to predict
differences in eye movement behaviours across trials in response to varying comprehension
demands. We highlight the importance of careful test selection when measuring eye movement
behaviour in skilled adult readers and advise that comprehension tests should not be used
interchangeably, because they jingle (Thorndike, 1904) and that researchers should exercise

caution when selecting a reading comprehension test for future research. We echo advice from
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Flake and Fried (2020) who call for transparency when reporting test selection processes and urge
researchersto select comprehension tests that are clearly based on the theoretical concepts that

the researcher wishes to assess.
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Chapter 5 Discussion

The overall aim of this thesis was to explore the assumptions of uniformity in skilled reading
(Andrews, 2012). Throughout this project, we investigated whether individual differences in
skilled readers’ cognitive skills predicted changesin reading behavioursin response to differences
in features of a text or the demands of the reading task. Across three experimentalinvestigations,
this body of work covered a broad range of tasks where individual differences in reading patterns

could have arisen.

First, in Chapter 2 (Experiment 1) we examined the effects of word frequency during
sentence reading, since it has been found that whilst high frequency words are typically read
more quickly than low frequency words (Angele et al., 2014; Rayner & Fischer, 1996; Rayner et al.,
1996), research has also found that better adult readers are comparatively less slowed down by
low frequency words than less skilled adult readers (e.g., Ashby et al., 2005; Cop et al., 2015). For
this experiment we assessed a large test battery of cognitive skill predictors, initially with separate
models for each test predictor to allow for clear comparisons with previous research, and then
within a single model that accounted for overlapping variance with composite scores for lexical
proficiency and general processing speed. In Chapter 3 (Experiment 2), we looked more closely at
the process of word identification in parafoveal preview and asked whether letter position
encoding is similarly flexible for all skilled readers, or whether differences in response to
transposed letter pseudoword previews could be observed within skilled reader populations and
could be predicted by differences in cognitive skills. Finally, in Chapter 4 (Experiment 3) we
addressed inconsistencies that arose within our findings relating to two offline reading
comprehension subtests, from the Nelson Denny Reading Test (NDRT; Brown et al., 1993), and the
Wechsler Individual Achievement Test (WIAT-1I; Wechsler, 2005). We assessed the sensitivity of
each testwhen predicting individual differences in skilled reader’s passage reading in response to
high and low comprehension demands. Experiment 1 was run in one experimental session, the

second experimental session comprised of both Experiment 2 and 3.

5.1 Replication of Previous Research

Through the work presented in this thesis we replicated some well-documented effects on
eye movement patterns related to features of the text and demands of the task. In addition, we
replicated findings related to the constraints of the perceptual span that influence eye
movements during reading (i.e., effects of launch site). We also provided evidence that supports

the grouping of a number of cognitive skills that have been associated with the theoretical
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construct of lexical quality in previous research (Perfetti, 2007; Perfetti & Hart, 2002; Andrews,
2015). In this section, we first discuss the replication of text-levelinfluences, then task demands,
followed by the effects of saccade launch site, then we discuss the grouping of skills associated
with lexical quality, and finally, the replication of findings of individual differences in eye

movements based on single test predictors.

5.1.1 Text Influences

Experiments 1and 2 focussed on well-documented word-level experimental manipulations
to investigate individual differences skilled reading. Importantly, these investigations upheld the
robust main effects that have been consistently reported in the literature. In Experiment 1, low
frequency words were read more slowly and were less likely to be skipped than high frequency
words. In general, these findings supported previous research that has found that readers require
more time to read less commonly occurring words than words that occur more frequently (Rayner

& Fischer, 1996; Rayner, Sereno et al., 1996).

In Experiment 2, we found that, overall, adult readers encode letter positions more flexibly
than letter identities, in line with previous findings where transposed letter pseudowords are
perceived to be more similar to a base word than a substituted letter pseudoword (Rayner, White
et al, 2006; Forster et al., 1987; Lupker, et al., 2008; Perea & Lupker, 2003, 2004; Schoonbaert &
Grainger, 2004; Colombo, et al., 2017; Grainger et al., 2012; O’Connor & Forster, 1981; Perea &
Fraga, 2006). This finding also supports current models of word recognition that feature a flexible
letter position encoding mechanism (the SOLAR model (Davis, 1999; 2010); the Open Bigram
model (Grainger & Van Heuven, 2003; Grainger et al., 2006; Grainger & Ziegler, 2011; Grainger et
al., 2012); the Overlap model(Gomez, Ratcliff & Perea, 2008); the SERIOL model (Whitney, 2001);
and the Bayesian Reader (Norris, 2006)).

5.1.2 Task Demands

Experiment 3 utilised an experimental manipulation of comprehension demands where
readers were asked to read identical passages with high or low comprehension demandsimposed
by the level of detail required to answercomprehension questions. As aresult of this experiment,
we found that in general, readers could adapt their reading strategies to suit the demands of the
task in line with previous research (Radach et al., 2008; Wotschack & Kliegl, 2013; Weiss et al.,
2018; O’Regan, 1992; Christianson et al., 2017; Andrews & Veldre, 2021). When comprehension

demands were low, readers most often read a text more quickly, using fewer fixations coupled
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with longersaccades compared to when comprehension demands were high, which may indicate

a riskier reading strategy when demands are low (O’Regan, 1992).

5.1.3 Effects of Saccade Launch Site

A consistent finding across Experiments 1 and 2 which considered word-level analyses of
skilled reading was that when saccades were launched from prior fixations close to the next word,
it subsequently received shorter fixations and was more likely to be skipped than when prior
saccades were launched from furtheraway from it, in line with previous research (Pollatsek et al.,
1986). This finding demonstrates that information presented in the parafoveal region can be
accessed before the word is directly fixated, reducing the time needed to complete lexical
identification of an upcoming word, and as a consequence is used to plan subsequent saccade
trajectories (Pollatsek et al., 1986). A far away launch site will mean the word is further to the
right in the parafovea compared to a nearby launch site, thereby reducing the amount of

information that is extracted.

5.1.4 Lexical Quality

Another consistent finding from the first and second testing sessions was that when skills
were grouped based on overlapping variance via PCA, there was some consistency in which skills
loaded on the same component. Skills that have previously been described as closely related to
the quality of readers’ lexical representations, vocabulary, spelling and reading experience
(Perfetti, 2007; Perfetti & Hart, 2002; Andrews, 2015) were grouped together, which provides
evidence that they may share a common underlying construct for skilled adult readers. In
addition, the composite measure related to lexical proficiency calculated in Experiment 1 (from
the first testing session) included pseudoword decoding whereas word reading was slightly below
the criteria for inclusion. In Experiment 2 (from the second testing session) a similar composite
measure included word reading but narrowly excluded pseudoword decoding. Therefore, we
provided some limited support for the notion that word decoding is also related to lexical quality
(Perfetti, 1992; 2007; Perfetti & Hart, 2002). Our findings are in line with previous suggestions
that vocabulary is a better predictor of reading comprehension in adults, whereas word decoding
skills are better predictors for developing readers (Braze et al., 2007; Protopapas et al., 2007). We
found vocabulary to be a more consistent predictor of eye movement patterns during reading

than word and pseudoword decoding in Experiments 1 and 2 for our adult participants.

In general, across Experiments 1 and 2, readers with higher lexical proficiency (indicated by

composite scores that comprise overlapping variance on skills related to high quality lexical
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representations: most commonly larger vocabularies, better spelling and more reading
experience) had shorter fixation durations on words than readers with lower lexical proficiency
scores. This is in clear support of the Lexical Quality Hypothesis (Perfetti, 1992; 2007; Perfetti &
Hart, 2002), in that readers with high quality lexical representations stored in their mental lexicon
are betterequipped to quickly identify words and their meanings. In addition, those with greater
lexical proficiency also read sentences more quickly in Experiment 1, suggesting that more
efficient word identification enabled readers to access word meanings more quickly which in turn
facilitated faster integration of individual words into sentence representations and therefore
enabled faster comprehension of sentences than those with lower lexical proficiency (Kintsch,

1998).

5.1.5 Single Test Predictors of Individual Differences

When we considered separate models for test predictors of individual differences within
our word frequency investigation, the models replicated some key findings from previous
research. We found that faster word identification processes (indicated by shorter gaze durations
on words) were predicted by high scores on two offline reading ability measures (NDRT (Brown et
al., 1993) and WIAT-II (Wechsler, 2005)), and spelling (Andrews & Hersch, 2010). These findings
were consistent with the idea that more proficient readers read more quickly than average
readers (Ashby et al, 2005). This finding is also well-aligned with the Lexical Quality Hypothesis
(Perfetti, 1992; 2007; Perfetti & Hart, 2002), since more skilled readers are theorised to have
more, and better-quality lexical representations than less skilled readers, which in turn allow
them to identify words more quickly. Faster gaze durations associated with better spelling is
particularly supportive of this theory as it is very strongly linked to readers’ lexical representations
for readers of English, a language with an especially opaque orthography. In addition, in these
analyses we found that higher scores on reading ability tests (NDRT and WIAT-II), and vocabulary
knowledge (LexTALE; Lemhofer & Broersma, 2012) were indicators of reduced word frequency
effectsinskilled readers. These findings were in line with previous research that found that more
proficient readers (indicated by overall reading ability measures) and those with greater
vocabulary knowledge are able to identify and read words more quickly than less proficient

readers (Ashby et al., 2005; Cop et al., 2015).

In contrast, within these analyses we failed to provide evidence for some previously
reported cognitive skill predictors of individual differencesin readers’ eye movement patterns. In
our sample, we found that whilst higher spelling abilities predicted shorter gaze durations
compared to lower spelling abilities, we did not observe differences in the size of the frequency

effect related to spelling (though trends were in the same direction as Veldre et al., 2017). We
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noted some differences in statistical modelling in Chapter 2 compared to that of Veldre et al.
(2017) that meant this finding was difficult to compare directly. Such limitations of comparing
models with different numbers of predictors and model pruning are discussed further in section

5.3.4.

Print exposure measured by the ART (Acheson et al, 2008) has also previously been found
to predict a reduced effect of word frequency on gaze durations (Moore & Gordon, 2015),
however this was not replicated in our analyses. However, we noted in Chapter 2 that we
observed fairly low scores on this test for a skilled reader population and as noted by Moore and
Gordon (2015) the ART may be less able to account for variance in reader populations at lower

scores.

Similarly, we did not find any individual differences in word reading behaviours related to
RAN (Denckla & Rudel, 1974) or WMC (measured by a backwards digit span task, Gathercole et
al., 2004) in analyses in Experiment 1 or 2. We did find that a composite score that described
shared variance from both RAN and WMC scores was associated with faster sentence reading
times which we will discuss in Section 5.2.1 below. Although Kuperman and Van Dyke (2011)
found RAN times to be reliable predictors of eye movements across the time -course of sentence
reading, we highlighted previously in this thesis that the readers in their study were not college-
educated and may represent a larger proportion of less skilled readers than the participants who
took part in experiments for the current project (who were primarily university students). In
addition, dyslexicadults often perform more slowly on RAN tasks than non-dyslexicadults (Kirkby,
2022), and since we excluded participants with reading difficulties, it may be that that RAN tasks

were less sensitive to individual differences in word reading behaviours in our samples.

5.2 Novel Findings

5.2.1 Individual Differences and Word Frequency

In Experiment 1 we included multiple skills within larger models to determine which skills
were most predictive of faster low frequency word identification in skilled readers. We found that
scores on a composite measure of lexical proficiency (characterised by spelling, vocabulary size,
reading experience and pseudoword decoding) were the most consistent indicators of this
pattern. This was clear from scores indicating better performance on the associated skills
predicting shortergo pasttimes and shorter sentence reading times for low frequency words. Our
findings support theoretical explanations of skilled reading where readers with better

performance in skills related to high quality lexical representations are better equipped to quickly
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identify words and are able to read more quickly as a result (Perfetti, 2007; Perfetti & Hart, 2002;
Andrews, 2015). In Experiment 1, we observed that lexical proficiency predicted differences in
word frequency effects only in late eye movement measures. In Chapter 2 we discussed this
finding and suggested that for skilled readers, precise, high quality lexical representations are
associated more with faster embedding of meaning into sentence context, rather than faster
orthographic decoding of low frequency words. However, in Experiment 2 we did find that a
similar composite score related to lexical skills did predict early eye movement measures (shorter
first fixation durations and single fixations) as well as late eye movement measures (shorter gaze
durations and go past times). Based on this, we may conclude that for skilled adults, high quality
lexical representations are also key in facilitating faster word identification processes, which as a

result allows readers to process texts more efficiently.

In Experiment 1, a second composite score (PC2) was calculated based on overlapping
variance of RAN and (to a lesser extent) WMC (backwards digit span scores), which supported
previous ideas that WMC is related to RAN performance (Papadopoulos et al., 2016). We
suggested that this composite score represents a reader’s general processing speed, though we
did not find that a similar composite could be calculated in Experiment 2 and thus we limit
somewhat further discussion about the theoretical basis of this grouping. We found that better
performance on this measure was associated with faster sentence reading, rather than word
reading. We also observed that a small reduction in the word frequency effect was predicted by
high PC2 scores in sentence reading times. We suggested that faster sentence reading times in
this study associated with higher PC2 scores may reflect less rereading following an uncommon
word for readers with faster processing speeds. This explanation is in line with previous research
that has found that WMC and RAN task modulate rereading behaviours (Clifton et al., 2003;
Kuperman & Van Dyke, 2011; Gordon et al., 2020) which are more likely to occur when readers
need to reread difficult or ambiguous portions of a text (Clifton et al., 2003; Frazier & Rayner,
1982; Rayner & Frazier, 1987). Sentences presented in Experiment 1 and 2 in this thesis were
neutral, unambiguous and not designed to be difficult for skilled readers, and as a result, we
would expectthat WMC and RAN tasks would be stronger predictors of individual differences for
more complex reading materials. In addition, analyses in Experiments 1 and 2 primarily focussed
on word-identification processes, which were appropriate for the word-level experimental
manipulations that we wished to investigate (word frequency and transposed letter effects).
Therefore, the studies presented here were not very well-suited to assess the influence of WMC
and RAN times on rereading behaviours, though we found some evidence in total sentence
reading times. We return to discuss our limitations in assessing rereading behaviours in Section

5.3.2.
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5.2.2 Individual Differences and Letter Position Encoding

In Experiment 2, we investigated whetherindividual differences in cognitive skills predicted
differences between skilled adult readers in the flexibility of their letter position encoding. As
mentioned above, all skilled adults were found to use more flexible mechanisms for encoding
letter positions than letter identities, in line with previous research (Rayner, White, et al, 2006;
Forster et al., 1987; Lupker, et al., 2008; Perea & Lupker, 2003, 2004; Schoonbaert & Grainger,
2004; Colombo, et al., 2017; Grainger et al., 2012; O’Connor & Forster, 1981; Perea & Fraga,
2006). In terms of individual differences, very little variation in letter position encoding processes
was found for skilled readers. Therefore, in general, our findings indicated that letter position
encoding flexibility is fairly stable in skilled adult readers, and the development of this processes

appears to reach maturation (or near maturation) once reading skills are developed.

A hypothesis for this study that was compatible with the subsequent findings was based
uponsome key elements described inthe Multiple-route model (Grainger & Ziegler, 2011). Whilst
this model does not make any explicit predictions about individual differences in skilled readers’
letter position encoding, we assumed that skilled readers would rely more on a direct
orthographic route to word identification compared to children who primarily use a phonological
route, translating letters to sounds before retrieving word meanings. As such we considered it
likely that all skilled readers would have a similarly flexible mechanism for letter position encoding
that would allow greater facilitation from a transposed letter preview than a substituted letter

preview.

5.2.3 Reading Comprehension and the Jingle Fallacy

Within the test battery used to assess readers’ cognitive skills in the first two experiments,
we included two offline reading comprehension tests (subtests of the WIAT-II, (Wechsler, 2005)
and NDRT (Brown et al., 1993)). Whentestsand subtests were grouped based on shared variance
via principal components analysis in both experiments, the WIAT-Il and NDRT comprehension
subtests were not found to load together. As a result, we suggested that these tests measure
distinct underlying constructs, and that they present an example of the Jingle fallacy (Thorndike,
1904). The Jingle fallacy is the misleading assumption that two instruments measure the same
construct when they share the same name. When different tests are selected by researchers to
study the same construct, this assumption leads to differences in findings. As a result of
consistent evidence from Experiments 1 and 2 that the NDRT and WIAT-Il comprehension tests
did not load together, Experiment 3was formulated to directly compare them as predictors of eye

movements during reading for skilled adults. We tested separate models which included either
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the WIAT-1l or NDRT comprehension test as predictor of individual differences in global eye
movements for paragraph reading on the same eye movement data from the same participants.
We assumed that comprehension tests should be sensitive to differences in eye movement
patterns that arise due to changes in comprehension demands. However, we found that the
WIAT-Il and NDRT comprehension models did not make comparable predictions for global eye
movement patterns for skilled adult readers. Our findings demonstrated that researchers should
be cautious when comparing studies that include either the NDRT or WIAT-Il comprehension
measures to predict eye movement patterns during reading. NDRT compre hension test scores
were found to be more sensitive to changes in skilled readers eye movement patterns in our

analyses than WIAT-1l comprehension test scores.

When models considered changes over trials in the experiment, NDRT comprehension
scores were found to significantly predict differences in the way that readers adapted their eye
movement behaviours to changes in comprehension demands. All readers adapted their reading
strategies to the demands of the task in fairly similar ways in early trials, with longer reading
times, longer and more frequent fixations, and shorter saccades when comprehension demands
were high. However, better comprehenders (as measured by the NDRT) consistently read
passages more quickly in later trials (in both high and low comprehension demand conditions).
Better comprehenders reduced their average fixation durations and number of fixations, and
increased the length of their saccades, towards later trials in the experiment. Less skilled
comprehenders also read passages in later trials more quickly than earlier trials, but to a lesser
extent than more skilled comprehenders. We concluded that when readers are less skilled
comprehenders (as measured by the offline NDRT comprehension test), there is a limit to how
quickly they can read whilst maintaining a good level of understanding. This evidence
complements previous research of individual differences that suggests that in general more
skilled readers read more quickly and make shorter fixations than less skilled readers (Rayner,

1998; Ashby et al., 2005; Andrews & Veldre, 2021).

5.3 Limitations

5.3.1 Skilled Adult Readers

Through the work presented here we can only provide evidence about skilled adult readers
(most of whom were university students, with the exception of some participants from the wider
community in Experiment 1). Global conclusions about older or youngeradult readers, developing

readers or adults who experience reading difficulties are not possible to be drawn from this body
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of work. In this respect, we note that investigations of individual differences in eye movement
behaviours that include a more diverse population of readers may produce different results and

are worth pursuing.

5.3.2 Consequences of using Justified Text in Experiment 3

A programming error in Experiment 3 meant that passages were presented to participants
with a justified alighment. When text is justified, extra whitespace is added between words on a
line so that the vertical edges of the text are perfectly aligned. This error meant that word level
measures would be confounded by inconsistent differences in the width of the whitespace
between words. When the whitespace is larger, the upcoming word will be located further from
the currently fixated word and as a consequence, it will be viewed further into the parafovea or
periphery, where visual acuity is greatly reduced. It is very likely that a justified text alignment
would often lead to less useful parafoveal previews of some words within the passage (Rayner,

1998, 2009; Schotter et al., 2012).

The originally intended analysis for Experiment 3 was to utilise the same test battery used
in Experiments 1 and 2 to predict differences in skilled readers’ eye movement when reading
passages, and in response to different comprehension demands. The motivation for investigating
passage reading was that it would be possible to determine whether skills related to lexical
proficiency remain strong predictors of word-identification processes during first-pass reading in
passages. Skills related to lexical proficiency (associated with PC1in Experiments 1and 2) were
foundto predict faster word identificationin sentence reading. In addition, it would be possible to
determine whether different skills are more associated with integrative processes, where word
meanings are combined to form sentence representations and then integrated with world -
knowledge to represent the text as a whole (Kintsch, 1998). When readers find a text difficult to
comprehend duringthe first pass, they often make regressions to reread previous parts of a text
that they found difficult to understand or integrate with the rest of the sentence (Frazier &
Rayner, 1982; Rayner & Frazier, 1987). Rereading may also be used as a checking mechanism for
any text when comprehension demands are high (Weiss et al., 2018). Rereading and regression
rates are good indicators of late cognitive processes that occur after first-pass word identification
processes (Liversedge & Findlay, 2000). Since previous research has indicated that RAN tasks are
strong predictors of regressions and rereading behaviours (Kuperman & Van Dyke, 2011; Gordon
et al., 2020), we would expect RAN times to be a stronger predictor of rereading behavioursin the

originally intended experiment.

131



Chapter5

However, due to the justified text alignment, and subsequent confounds related to the
width of the word spacing, we opted to focus exclusively on global eye movement measures in
our analyses (e.g., average fixation durations, average saccade lengths, total passage reading
times). Consequently, the number of observations per paragraph for each participant in our
analyses were reduced to a single datapoint per paragraph, which meant that the statistical
power to estimate multiple parameters was greatly reduced. As a result, Experiment 3 was
adapted and a direct comparison of two reading comprehension tests (subtests from the NDRT
and WIAT-II), that had not been found to load together in principal components analyses in

Experiments 1and 2, was selected as a replacement for the large test battery investigation.

The analyses of the test battery presented in this thesis did not focus on the areas of
reading that the RAN has previously been suggested to influence, namely rereading behaviours
(Kuperman & Van Dyke, 2011; Gordon et al., 2020). As a result, a limitation of this thesis is that
we cannot make strong claims about whether the RAN is or is not an important predictor of
individual differencesin skilled readers’ eye movement patterns, otherthan limited evidence that
it predicts later eye movement measures (shorter sentence reading times were associated with

greater performance on a composite score related to RAN).

5.3.3 Limitations of Composites based on Principal Components Analysis

In Experiments 1and 2, we used large test batteries to investigate individual differences in
readers’ eye movements, and steps were taken to mitigate issues with multicollinearity of test
predictors within our test battery investigations. We limited our investigations to controlled
experimental manipulations of specific text-level predictors that have been well-documented in
the literature to reduce the number of predictors that were necessary in our analyses. In addition,
we furtherreduced the number of predictors in our models by grouping cognitive tests based on

shared variance using a principal components analysis.

However, there are limitations associated with modelling individual dif ferences using
composite scores based on multiple tests in this way. Composite scores derived from principal
components analyses retain only the shared variance between the measures included, and
disregard variance that is uniquely associated with each test. When such measures are used as
predictors, researchers may only draw conclusions about constructs that are common across
included tests. Such models cannot investigate claims that are made about specific tests. To
mitigate this in Experiments 1and 2 we also reported separate models of individual test
predictors where it was necessary to compare previous research that made predictions based on

specific skills. In doing so, we demonstrated inconsistencies within our own analyses of cognitive
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skills that arose when comparing findings from models from single test predictors with findings
from models that included a composite score. Since PCA preserves the shared variance among
predictors and removes unique contributions from each test, it may be that differe nces between

analyses were due to the unique influences of individual tests.

In addition, composite scores are created based on the data provided and therefore are
very specific to the current sample and test battery. Whilst well defined theoretical concepts
(such as lexical quality) can be useful in defining the underlying constructs that are associated
with tests grouped in a PCA, composite scores may only present a proxy measure for such
concepts, and we suggest that they should not be named in ways that could cause confusion (or
indeed a Jingle fallacy). As a result, we made a distinction between the theoretical construct of
lexical quality, and our composite measures of lexical proficiency (PC1) in Chapter 2 and Chapter
3. Itis therefore a limitation of this technique that differences in test battery selection and
samples mean that clear replication and comparison to the wider literature is difficult and should

be considered carefully.

5.3.4 Model Selection and Methods of Analysis

It should also be noted that there are some constraints to be considered when comparing
findings from research that include a different number of test predictors, and different methods
of analysis or model pruning. In the section above, we noted that when comparing models with
one test predictor versus models with multiple test predictors within our analyses in Experiments
1 and 2 we found some differencesin findings and suggested that differences may have occurred
when comparing single tests with composite scores based on overlapping variance. An additional
consideration is that models which include a greater number of parameters have reduced
statistical powerto estimate effects compared to models with fewer parameters. This presents a
challenge for comparing findings based on research that uses test batteries with research that

includes fewer test predictors.

In addition, the Linear Mixed Models reported in this thesis aimed for a maximal random
effects structure where possible (Barr et al., 2013). Differences in strategies in model pruning can
resultin differentfindings, and previous research conducted priorto this guidance may have used
model pruning techniques that were more comparable to intercept-only models. As a result,
direct comparison of reported findings may reveal inconsistencies. Indeed, we noted in Chapter 2
that when comparing intercept only models in the current analyses to previous research, we can
observe a clearer replication of reported interactions between individual differences in cognitive

skills and word frequency effects. To limit similar issues that could occur when comparing our
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own findings across experiments, analyses in Experiments 1 and 2 (which were on the same test
battery) followed identical model pruning procedures to obtain the maximal model with a fixed
effects structure that best fit the data (see also Dirix & Duyck, 2017). Analyses in Experiment 3
had fewer predictors and were more confirmatory, and therefore used a different model pruning

procedure.

In addition, different findings can be observed between studies which use different data
cleaning methods (Ezkenazi, 2023), and data transformation techniques (Lo & Andrews, 2015). In
Experiments 1 and 2, guidance from Lo and Andrews (2015) was followed, which suggests that
GLMMs with gamma distribution are more appropriate for skewed reaction time data as
normality is not assumed. It is likely that different results would be observed if LMMs were used
with untransformed data or when data were log transformed, a technique used in previous

research to fit skewed data to a normal distribution.

For analyses in Experiment 3, global passage reading data were fairly normally distributed
and as a result Linear Mixed Models based on the assumptions of normality were considered
appropriate (with the exception of Binomial Generalized Linear Mixed Models for modelling
accuracy data). In addition, since the aim was to directly compare models based on the NDRT and
WIAT-II comprehension tests, it was critical to obtain final models that were as comparable as
possible. Since different model pruning techniques can influence the results obtained by final
models, it was important to follow identical procedures. As models included fewer predictors and
were more confirmatory than Experiments 1 and 2, in both sets of analyses (for the NDRT and
WIAT-II comprehension test predictors), models retained all fixed effects of interest and started
with full random effects structures for subjects and items. Models were then pruned using
stepwise trimming of the random effects structure until they reached convergence, and the

maximal model was achieved (Barr et al., 2013).

5.4 Impact on Wider Knowledge and Practice

5.4.1 Computational Models of Eye Movement Control

Whilst current computational models of eye movements during reading (e.g., E-Z Reader,
Reichle et al., 1998; 1999; SWIFT, Engbert et al., 2005; Uber-Reader, Reichle, 2020; OB1-Reader,
Snell et al., 2018), can account for instance for the modulation in eye movements related to
differences in word frequency observed in this thesis, in Chapter 1 we mentioned that individual

differences relating to cognitive skills are not yet accounted for by computational models of eye

movements during reading. E-Z Reader (Reichle et al., 1998; 1999), SWIFT (Engbert et al., 2005),
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Uber-Reader (Reichle, 2020) and OB1-Reader (Snell et al., 2018) all model eye movements during
reading under the assumption that, in general, adult readers have similar reading processes,
thoughthere is some allowance for differencesin timing and efficiency of these processes (e.g., E-
Z Reader model can simulate variability in eye movement patterns forolderreaders (Rayneretal.,
2006) and children (Reichle et al., 2013)). However, current models do not account for variation at
an individual level. The current body of work has also highlighted that performance on some
cognitive tasks can be used to predict modulation of word frequency effects and comprehension
demands on eye movement patterns of skilled readers. Findings from Experiments 1and 2
provide evidence that high lexical proficiency predicts faster word identification processes and
facilitates faster recognition of less frequent words. In addition, previous studies have also found
guantitative differences in eye movement patterns based on skills that contribute to the quality of
readers’ lexical representations (Andrews, 2012; 2015; Andrews & Hersch, 2010, Andrews & Lo,
2012; Andrews et al., 2020; Andrews & Veldre, 2021; Veldre & Andrews, 2014; 2015a; 2015b;
2016; Veldre et al., 2017). Therefore, it is likely that future computational models of eye
movement control will need to account for these skills. The Lexical Quality Hypothesis (Perfetti,
1992; 2007; Perfetti & Hart, 2002) provides a good basis for the modulation of reading processes
for skilled readers based on the quality of theirlexical representations that could be implemented

into future models of eye movements in reading.

The evidence gathered throughout this body of work is in agreement with com putational
models of eye movements whom suggest that readers use similar processes during reading, but
do so at different rates (E-Z Reader, Reichle et al., 1998; 1999; SWIFT, Engbert et al., 2005; Uber-
Reader, Reichle, 2020; OB1-Reader; Snell et al., 2018). According to, for instance, the E-Z Reader
model, an early stage of lexical processing, called the familiarity check (L1), must determine
whether a word presented is familiar enough to suggest that full lexical access (a subsequent
stage called L2) is imminent. It is the L1 stage that is likely to be most influenced by differences in
lexical proficiency that we observed in Chapter 2. In the E-Z reader model, L1 is described by the
overall rate of lexical processing parameter a4 with a default value of 104 ms, and parameters for
the effect of frequency (with a default value of 3.5 ms) and predictability (with a default value of

39 ms).

L1 = a4 - a; In (frequency,) - as predictability,

By increasing the value of a,, the time needed to complete the familiarity check is also
increased, and as such, the average fixation duration becomes longer and often the number of
refixations on a word are increased. This in turn causes subsequent forward saccades to be

shorter and increases the number of regressive saccades. Together these factors decrease the
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overall reading rate. In addition, less time is available to parafoveally processes the upcoming

word.

Reichle etal., (2013) used the E-Z Reader modelto examine and simulate the development
of eye movement control and reading skills, comparing children to adults. They concluded that in
orderto produce the different eye movement patterns observed for these groups (children make
longer fixations and shorter saccades than adults), parameters that determine the speed of L1
described above should be adjusted. Indeed, simulations provided evidence to show that by
simply increasing the value of the a; parameter, as described above, the basic pattern of longer
fixations and shorter saccades made by children could be produced. Reichle and colleagues also
concluded that adjusting parameters that account for saccade targeting was not necessary to
simulate this pattern. However, they did highlight that adjusting parameters for lexical access
were not entirely sufficient to explain the patterns of eye movements observed across the
development of reading skills. Simulations revealed that the effects of post-lexical variables such

as thematic role anomalies (Joseph et al., 2008) required additional adjustments.

In what they refer to as the linguistic-proficiency hypothesis, Reichle and colleagues
suggested thatthe driving force for differences in eye movements based on reading development
is driven by increasing proficiency in linguistic processing, that is, the skill involved with first
identifying and then processing printed words. Reichle et al. (2013) also noted that the
differences between average and skilled readers in Ashby et al.’s (2005) study was similar to the
differences observed between children and adults; average readers made longer fixations and
shorter saccades than skilled readers. Reichle and colleagues noted that Ashby’s findings also
aligned with the linguistic-proficiency hypothesis when considering how variation in reading skill
modulates eye movement patterns. In Chapter 2 we highlighted that lexical proficiency was the
strongest predictor for individual differences in the speed of word identification and in
modulating the effects of word frequency. As such, we provided additional strong evidence for

the linguistic-proficiency hypothesis in adult readers.

It is likely that by decreasing the value of a;, we may simulate the eye movement patterns
associated with very skilled readers; faster fixation times, fewer refixations and longer saccades.
As mentioned above, parafoveal processing is also impacted when the value of a;, is adjusted.
Previous research has also informed us that the extraction and use of parafoveal information is
indeed influenced by individual differences in skilled adult readers’ lexical repres entations.
Readers who are poor in spelling and reading ability are less able to efficiently use information
from the upcoming word comparedto betterspellerand more skilled readers (Andrews & Veldre,

2019, Veldre & Andrews 2015a; 2015b; 2016). Therefore, this adjustment within the model may
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account for individual differences in basic eye movement patterns related to reading skill in
adults. However, to accurately simulate individual differences within skilled readers, it is
important to also determine whether significant differences in post-lexical processing seen in

relation to reading development are observable within populations of adult readers.

In addition, research must not only determine how the eye movement patterns of skilled
adult readers vary in general, but how word frequency and predictability impact these patterns,
and specifically to what magnitude. Some of this information has been gathered in the current
body of work. In Chapter2 we observed that overall, skilled adult readers who have high levels of
lexical proficiency not only read words more quickly in general, but they are less slowed down by
a low frequency word than skilled adult readers who have lower levels of lexical proficiency.
Previous research hasalso determined that less skilled readers rely more on the predictability of a
text than more skilled readers do (Ashby et al., 2005; Slattery & Yates, 2017). It is easy to assume
that parameter adjustments, for example by adjusting the a, parameter, could be made within
the E-Z reader model to account for this additional variation within adults, with similar
adjustments to as made for the role of predictability (Ashby et al., 2005; Slattery & Yates, 2017).
However, similar adjustments were not found to be straightforward when Reichle et al., (2013)
examined simulations of children’s eye movement patterns. Simulations would the refore be

necessary to model differences between skilled and very skilled readers’ eye movement patterns.

In Chapter 3, we observed the well-documented effect of transposed letter previews during
reading (Rayner, White et al., 2006; Johnson et al., 2007; Johnson & Dunne 2012; Pagan et al.,
2016; Kirkby et al., 2022). Itis evidentthat flexible letter position encoding is an important aspect
of word recognition processes in skilled readers (as previously found in masked priming (e.g.,
Forster et al., 1987; Lupker, et al., 2008; Perea & Lupker, 2003, 2004; Schoonbaert & Grainger,
2004) and lexical decision studies (Colombo, et al., 2017; Grainger et al., 2012; O’Connor &
Forster, 1981; Perea & Fraga, 2006)). The OB1-Reader (Snell et al., 2018) model of eye
movements during reading was formulated to account for the flexibility of letter position
encoding in skilled readers and incorporates an architecture equivalent to the Open-Bigram
model of word recognition (Grainger & Van Heuven, 2003). The Open-Bigram model is able to
account fortransposed letter effects identified in isolated word paradigms and reading studies, in
which words are decoded based on open-bigrams and their relative positions. As a result, this
model is able to explain flexible letter position encoding, however simulations should be used to
confirm that it can account for transposed letter effects in the parafovea observed in this thesis.
In addition, Uber-Reader (Reichle, 2020) includes mechanisms that are consistent with the basic
assumptions of the Overlap model (Gomez et al., 2008) such that words are degraded by

constraints of visual acuity which reduce the certainty of letter positions and identities. Similarly,
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a simulation would be necessary to determine whether the model could account for resulting
flexible letter position encoding in the parafovea. Results from Experiment 2 demonstrated that
the flexibility of letter position encodingis fairly stable once readingskills are developed. If future
models of eye movements during reading endeavour to account for individual differences in

reading, they should account for this (near) maturation.

With regards to individual differences in eye movements in relation to comprehension
demands, some modulation was observed for different offline reading comprehension scores in
Chapter 4. Though given the instability of findings across comprehension tests, and lack of other
test predictors, we cannot make strong claims that such modulation should be accounted for in
computational models of eye movements based on this study. We discuss how further research

might investigate these patterns for multiple cognitive skills in Section 5.4.

5.4.2 Assessing Reading Comprehension

Our findings concerning the WIAT-11and NDRT comprehension subtests highlighted a Jingle
fallacy (Thorndike, 1904) when they are used in scientific research, in that they are tests which
share a name but do not appear to measure the same underlying construct. Evidence was
providedin Chapter4 of this thesis (Experiment 3) that individual differences measured by scores
on a half-timed procedure for NDRT comprehension test (Andrews et al., 2020) are sensitive to
changes in reading strategies for skilled adult readers, and as such this test may be appropriate
for similar investigations in future research. The occurrence of a Jingle fallacy in eye movement
research indicates a need for clear guidance on best practices when selecting tests and reporting
findings based upon them. We suggest that researchers follow recent guidance from Flake and
Fried (2020), to be transparent when reporting how measures were selected for research
purposes by answering six questions (1. What is your construct? 2. Why and how did you select
your measure? 3. What measure did you use to operationalize the construct? 4. How did you
quantify your measure? 5. Did you modify the scale? And if so, how and why? 6. Did you create a
measure on the fly?). Future research should aim to formulate standardised reading
comprehension tests that are designed for the purpose of scientific research, based on theories of
reading comprehension. Alternatively, researchers should be guided by theories of reading
comprehension to select relevant underlying skills of interest for future investigations of skilled

reading.

The Simple View of Reading (Gough & Tunmer, 1986) and Kintsch's 1998 Construction-
Integration Model are two prominent theoretical frameworks in the field of reading that can

guide researchers in selecting an optimal test battery for examining individual differences in
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reading skills. The Simple View of Reading theorizes that reading comprehension is the product of
two main components: decoding and language comprehension. To assess decoding skills,
researchers may include both word and pseudoword decoding from written materials such as
those used in the current test battery. Considering our findings in the empirical chapters of this
thesis concerning the appropriate use of reading comprehension within test batteries, listening
comprehension is likely to be a more appropriate test to gauge language comprehension skills

than a test of reading comprehension.

Kintsch's model describes the active construction of the meaning of a text that occurs
during reading. Within this theory, Kintsch emphasizes the processes of understanding the explicit
information within a text and the subsequent integration of this information with existing
knowledge. In this model, a text is first represented by single word meanings within a text
(surface structure), then by integration of these words to create a meaningful representation of
the text as a whole (textbase), and finally a model of the situation that the text lies within,
integrating the information in the text with relevant word knowledge (situation model). To assess

these processes, researchers must consider each stage of comprehension.

A representation of the surface structure of a textis inherently linked to word decoding and
vocabulary. An individual must first decode written information and match it to its corresponding
semantic information held in the mental lexicon. Assessments of both word and pseudoword
decoding, along with vocabulary would be appropriate measuresto assess the processes involved

in creating a surface representation of a text.

Next, to assess an individual’s ability to integrate separate word meanings into a
representation of a text as a whole (textbase), assessment should focus on whether individuals
can summarise the main ideas of a text, infer text meaning and integrate information across
differenttexts or parts of the same text (e.g., the multiple-text integration paradigm by Beker et
al., 2016). Finally, to assess integration of information gathered from a text with prior world
knowledge, researchers must use assessments that measure background knowledge related to a
text and the ability to apply this knowledge to enable betterinterpretation of a text. For example,
the Global Integrated Scenario-based Assessment (GISA; O’Reilly & Sabatini, 2013; Sabatini,
O’Reilly, & Deane, 2013) measures a reader’s ability to integrate, evaluate, and synthesize
multiple texts and includes a measure of the reader’s ‘domain and topic specific’ background

knowledge.

Finally, throughout the experiments included in this thesis we gained insight into cognitive

skills that influence faster word recognition processes and passage reading strategies in adults.
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This insight may inform future investigations that wish to assess the effectiveness of interventions

or training for these skills to improve the reading skills of developing or struggling readers.

5.5 Future Directions

In this thesis we established that the quality of skilled readers’ lexical representations are
good indicators of individual differences in the moment-to-moment processing of words within
sentences, and as a result, the time taken to read whole sentences. Therefore, future
investigations should investigate to what extent lexical proficiency influences later processes
involved in passage reading for skilled adult readers. Such investigations should consider the
relative importance of multiple cognitive skill predictors, as was originally intended for the final
experiment in this thesis. In Section 5.3.2. we highlighted a limitation of the current research in
identifying important influences of RAN and WMC in later reading processes. However, we
anticipate that in an investigation of passage reading across multiple skills, faster RAN times
would predict fewer regressions and reduced rereading behaviours in skilled readers, as this
measure has been foundto be important in predicting later reading processes in previous studies
(Kuperman & Van Dyke, 2011; Gordon etal., 2020). Future studies should also investigate readers’
responses to changes in high-level cognitive influences, such as comprehension demands
investigated in Experiment 3, or text difficulty, in relation to a larger test battery. Such
experiments should consider including a measure of intelligence, for example non-verbal
reasoning to minimise conceptual overlap with linguistic tasks, that may play an important role in

integrating text meanings with world knowledge (Kintsch, 1998).

Future studies could also explore the maturation in flexible letter position encoding with
longitudinal studies from developing readers to skilled adults, to bridge the gap between studies
of individual differences in children (Pagan et al., 2021; Hasenacker & Schroeder, 2022) and the
investigation with skilled adult readersin Chapter 3. Hasenacker and Schroeder (2022) found that
children’s orthographic knowledge (as measured by spelling, vocabulary and a word-reading to
nonword-reading difference score) was agood predictor of flexible letter position encoding across
grades 2 to 4. The skills that Hasenacker and Schroeder (2022) associated with orthographic
knowledge were similar to the skills we associated with lexical proficiency (PC1) in Chapter 2 and
Chapter 3. An extension of this study to follow developing readers to adulthood would allow
researchers to understand in what circumstances maturation of flexible letter position encoding
occurs, and whether orthographic skills remain the strongest predictors of differences across

reading development.
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Finally, to overcome the Jingle fallacy for comprehension tests used for scientific research,
we suggested in Section 5.4 that there is a need for a new standardised measure of reading
comprehension for research purposes. Future studies would first be required to assess the
relative contribution of cognitive skills that are integral to successful reading comprehension
(measured by performance on experimental tasks rather than offline comprehension tests) across
a range of reading materials with varied complexity and both narrative and expository texts for
skilled adults. Such studies would provide data driven evidence for the key underlying skills for
reading comprehension success that would form a good basis for developing a new standardised

measure for future research.

5.6 Concluding Summary

By examining individual differences in skilled adult readers’ eye movements, we
determined that the most consistent predictor of individual differences in the skilled reader’s
word identification processes is related to lexical proficiency. In line with the Lexical Quality
Hypothesis (Perfetti, 1992; 2007; Perfetti & Hart, 2002), we highlighted that readers with greater
lexical proficiency read sentences more quickly than readers with low quality lexical
representations, and that this difference is facilitated by faster word identification processes,
especially when encountering less frequent words. This research also found evidence that letter
position encoding processes approach maturation in skilled adult readers with very little
differences related to cognitive skills. In addition, this body of work uncovered individual
differences in how readers adapt their behaviours over trials in response to high and low
comprehension demands. Skilled comprehenders (as measured by the NDRT comprehension
subtest) were fairly consistent in that their reading strategy was to speed up, and read less
carefully overtime, whereas less skilled comprehenders reached athreshold for how quickly they
could read when comprehension demands were low. However, when comparing predictive
models based on two distinct offline comprehension measures (NDRTand WIAT-11), we uncovered
evidence that a Jingle fallacy exists where the tests were not found to describe performance on
the same underlying construct related to reading comprehension. As a result, this research
highlighted an important limitation for studies that have used either reading comprehension
measure (NDRT and WIAT-II) to compare skilled readers’ eye movement patterns across studies

and we gave recommendations for future research practice.
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