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Abstract

In recent years, there has been an increase in research concerning individual differences in readers’ eye movements.
However, this body of work is almost exclusively concerned with the reading of single-line texts. While spelling and
reading ability have been reported to influence saccade targeting and fixation times during intra-line reading, where
upcoming words are available for parafoveal processing, it is unclear how these variables affect fixations adjacent to
return-sweeps. We, therefore, examined the influence of spelling and reading ability on return-sweep and corrective
saccade parameters for 120 participants engaged in multiline text reading. Less-skilled readers and spellers tended
to launch their return-sweeps closer to the end of the line, prefer a viewing location closer to the start of the next,
and made more return-sweep undershoot errors. We additionally report several skill-related differences in readers’
fixation durations across multiline texts. Reading ability influenced all fixations except those resulting from return-sweep
error. In contrast, spelling ability influenced only those fixations following accurate return-sweeps—where parafoveal
processing was not possible prior to fixation. This stands in contrasts to an established body of work where fixation
durations are related to reading but not spelling ability. These results indicate that lexical quality shapes the rate at which
readers access meaning from the text by enhancing early letter encoding, and influences saccade targeting even in the
absence of parafoveal target information.
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Until recently, there has been a paucity of research investi-
gating individual differences in readers’ eye movements.
This likely stems from the general assumption that skilled
readers read in the same way. This “uniformity assump-
tion” (Andrews, 2012) has led many psycholinguists to
average data over readers, thus masking subtle variations
in skilled readers’ patterns of saccades and fixations.
However, a now substantial body of literature has shown
that the eye movement patterns of highly skilled readers
are quantitatively different to those of less-skilled readers
(Ashby et al., 2005; Bélanger et al., 2012; Drieghe et al.,
2019; Kuperman & Van Dyke, 2011; Rayner et al., 2010;
Slattery & Yates, 2018; Veldre & Andrews, 2014, 2015;
Veldre et al., 2017). Generally, high reading ability is asso-
ciated with shorter fixation times, while high spelling abil-
ity is selectively associated with measures of word skipping
(Slattery & Yates, 2018; Veldre & Andrews, 2015, 2016;
Veldre et al., 2017). Given that word skipping is dependent

on the processing of information in the parafovea (the por-
tion of the retina spanning 2°-5° of visual angle from fixa-
tion), this finding suggests that the precise lexical
representations indexed by high spelling ability specifi-
cally enhance the parafoveal processing (or extraction of
parafoveal information) that contributes to oculomotor
decisions. Yet, it is unclear how spelling ability influences
oculomotor decisions when the target of the saccade is
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beyond parafoveal vision. Return-sweep saccades (eye
movements that take a readers’ fixation from the end of
one line to the start of the next) are a common case where
readers must target a portion of the text that is beyond par-
afoveal vision. As with individual differences in eye move-
ment control during reading, return-sweep research is
somewhat scarce. Thus, the present experiment examines
return-sweep eye movements and explores the role that
spelling and reading skill play in their execution. The
influence of spelling and reading ability on fixation dura-
tions adjacent to return-sweeps is additionally examined.
Together this work contributes to these two rapidly devel-
oping areas of eye movement reading research.

To reiterate, return-sweeps are saccadic eye movements
that are essential for readers to encode passages of written
text. While there is variability in launch and landing positions
of return-sweeps, line-final (those prior to a return-sweep)
and line-initial (those following a return-sweep) fixations
tend to fall five to seven characters away from the extremes of
the line for skilled readers (Parker, Nikolova, et al., 2019;
Parker, Slattery, & Kirkby, 2019; Slattery & Vasilev, 2019).
Line-initial fixations can be divided into two subgroups:
accurate and undersweep fixations. What differentiates these
two types of line-initial fixations is the direction in which they
move next. Accurate line-initial fixations are those that land
close enough to the target of the return-sweep and are fol-
lowed by a progressive rightward movement through the text.
Undersweep fixations are those that are followed by an
immediate leftward corrective saccade prior to the readers’
rightward pass. Undersweep fixations are generally consid-
ered to result from oculomotor error. Return-sweep fixations
tend to differ in duration from intra-line fixations that are non-
adjacent to return-sweeps (Parker, Nikolova, et al., 2019;
Parker, Slattery, & Kirkby, 2019). While accurate line-initial
fixations tend to be longer than intra-line fixations, both line-
final and undersweep fixations tend to be shorter. As will be
become clear, there is evidence to argue for differential con-
tributions of each fixation population to ongoing visual ocu-
lomotor and linguistic processing. To foreshadow, these
differences will contribute to the specific predictions we
make concerning measures of spelling and reading ability for
the duration of each fixation population.

Kuperman et al. (2010) reported that fixation times dur-
ing paragraph reading are influenced by visual boundaries
of the text, whereby intra-line fixations show a decrease in
duration that varies in relation to a word’s ordinal position
on the line. This was argued to be independent of lexical,
contextual, and oculomotor predictors of eye movement
behaviour. Consistent with these speed-up effects, line-
final fixations were shorter than those occurring intra-line.
Kuperman et al. (2010) argued that these reductions reflect
the processing of line breaks and return-sweep planning.
Consistent with this planning account, Hofmeister (1997)
reported that text degradation of 50% led to a 20-ms
increase in duration for all fixations except line-final

fixations. At the very least, this indicates that line-final
fixations are less influenced by stimulus quality. In con-
trast, accurate line-initial fixations are longer than intra-
line fixations (Parker, Nikolova, et al., 2019; Parker,
Slattery, & Kirkby, 2019) and have been argued to be the
consequence of a lack of parafoveal preview (Parker et al.,
2017; Parker, Nikolova, et al., 2019). Finally, undersweep
fixations typically result from oculomotor error with
longer lines yielding more corrective saccades (Heller,
1982; Hofmeister et al., 1999; Parker, Nikolova, et al.,
2019). While their duration is uninfluenced by lexical
properties of the fixated word (Slattery & Parker, 2019),
there is now converging evidence to suggest that readers
are able to extract information at the point of the under-
sweep fixation (Parker et al., 2020; Slattery & Parker,
2019) and to the left of undersweep fixations (i.e., the line-
initial word; Parker et al., 2020; Parker & Slattery, 2019).
Given the hypothesised differential involvement of lexical
processing for each population of fixation, there may be
differences in the extent to which lexical quality influences
the duration of each fixation population.

In terms of skill-related differences in return-sweep and
corrective saccade parameters, research has focused on the
frequency of corrective saccades following a return-sweep.
Generally, these findings are consistent in showing that
less-skilled adult readers (i.e., those who performed poorly
on a word identification task; Heller, 1982), typically
developing (Netchine et al., 1983), and dyslexic children
(Trauzettel et al., 2010) require more corrective saccades
following a return-sweep to reach the left margin. This
leads to the conclusion that less-skilled readers require
additional corrective saccades to reach the target of the
return-sweep. These findings are highly consistent with
data presented by Parker, Slattery, and Kirkby (2019) who
reported that adults and children require corrective sac-
cades following 51.5% and 62.4% of return-sweeps,
respectively. Parker, Slattery, and Kirkby additionally pro-
vided a thorough investigation of return-sweep and correc-
tive saccade parameters in both adults and children. It was
reported that, compared with adults, children’s return-
sweeps were launched closer to the end of the line and
landed closer to the start. The authors concluded that less-
skilled child readers fixate on more extreme positions on
the line to encode words in foveal vision. If reading skill
and lexical quality are linked to rates of foveal and parafo-
veal encoding, then we would expect less-skilled readers
to similarly fixate these more extreme positions.

Lexical quality refers to the precision and redundancy of
readers’ orthographic representations and coherent connec-
tions to associated phonological and semantic information
(Perfetti, 2007). High-quality representations afford rapid,
automatic lexical retrieval that allows readers to devote their
limited attentional resources to comprehension processes
(Perfetti, 2007). Investigations of lexical quality have often
relied on measures of reading comprehension and
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vocabulary, like those used by Jared et al. (1999) who found
that more skilled readers, as indexed by the comprehension
section of the Nelson—Denny Reading Test, made signifi-
cantly shorter fixations than did poorer readers. Furthermore,
for the processing of non-predictable low-frequency words,
poorer readers relied more on phonological activation than
better readers, highlighting how reading skill influences
word identification when words are particularly difficult to
process. Although Jared et al. reported that phonological
activation influences foveal processing under certain condi-
tions, this stands in contrast to research looking at parafo-
veal processing of phonology which reports that less-skilled
readers do not extract phonological codes in parafoveal
vision (e.g., Chace, Rayner, & Well, 2005; Vasilev, Yates, &
Slattery, 2019). Ashby et al. (2005) reported differences in
the reading strategies employed by good and poor readers
(again indexed by the Nelson—Denny scores), where better
readers relied less on context to support word processing.
This illustrates that highly skilled reading relies on rapid,
autonomous lexical retrieval processes that place little reli-
ance on context for word identification (Perfetti, 1992;
Stanovich, 2000). Consistent with this, Kuperman and Van
Dyke (2011) noted that word identification and tests of rapid
letter and digit naming were the most robust predictors of
fixation duration measures.

Andrews (2012) argued that, while vocabulary and
comprehension are useful indices of the efficiency of lexi-
cal and semantic retrieval, they need to be complemented
by measures of spelling ability to capture the precise,
word-specific knowledge that is central to Perfetti’s (2007)
specification of lexical quality. Consistent with the view
that reading comprehension and spelling ability tap differ-
ent components of lexical quality, Veldre and Andrews
(2015, 2016, see also Drieghe et al., 2019; Slattery &
Yates, 2018; Veldre et al., 2017) have demonstrated dif-
ferential effects of these two aspects of proficiency on
skipping probabilities and fixation durations. Specifically,
higher skipping percentages and longer saccade lengths
are associated almost exclusively with high spelling abil-
ity, whereas high reading ability is primarily associated
with faster reading times. One interpretation of these dis-
sociated effects would be that reading ability influences
foveal processing while spelling ability influences parafo-
veal processing. However, another possibility is that spell-
ing ability influences early orthographic encoding
regardless of whether this occurs foveally or parafoveally
while reading ability influences later lexical processing
and the decision to move the eyes to a new word. Still,
another interpretation would be that better spellers have
learned to adopt a riskier reading strategy that relies on
longer saccades (Rayner et al., 2006). So, it is possible that
return-sweep saccades will also be influenced by a read-
er’s spelling ability. However, since return-sweeps travel
much further than typical saccades, their target will lie far
outside parafoveal vision. Therefore, it is unclear if and

how lexical quality may affect return-sweep saccades.
This is the focus of this study.

With regard to how our measures of lexical quality
will influence our eye movement measures, we made
several predictions. Our first aim was to investigate how
return-sweep parameters (launch site, landing site, and
frequency of corrective saccades) are influenced by
measures of lexical quality. Parker, Slattery, and Kirkby
(2019) reported that relative to skilled adult readers,
children launched their return-sweeps closer to the end
of the line and targeted a location closer to the start of
the next. These effects have been hypothesised to reflect
developing readers’ tendency to rely on foveal encoding
in these locations. Of interest to the current study then
are the results reported by Veldre and Andrews (2014).
Veldre and Andrews reported that high reading and spell-
ing ability were both associated with increased use of
information in parafoveal vision to the right of fixation
(but interestingly not the left). Furthermore, the best
readers and spellers were most disrupted when denied
close parafoveal information. If, as indicated by these
results, lexical quality influences the amount of informa-
tion encoded in the perceptual span (i.e., the areca from
which readers obtain useful information), it is expected
that the line-final fixations of readers with lower quality
lexical representations would occur closer to the end of
the line as these readers cannot rely on parafoveal pro-
cessing of this information.

Similarly, return-sweep targeting may vary as a function
of lexical quality. For instance, better spellers may have
developed an optimal strategy that involves targeting fur-
ther into a new line since they will be more capable of
encoding letters that are further from fixation than poor
spellers. This is consistent with a recent report that readers
adjust the targeting of their return-sweeps to meet the typo-
graphic environment (Vasilev, Adedeji, et al., 2019).
Vasilev et al. had readers read blocks of either small or
large font stimuli. They found that with text displayed in a
smaller font, readers adjusted their return-sweeps to land
closer (in visual angle) to the start of the new line. They
argued that this strategy prevented readers from landing in
a position with too many letters to the left of their line-ini-
tial fixation. If individual readers can learn to adjust their
return-sweep targeting based on low-level typographic
properties in the span of a 60-minute experiment, then it
seems likely that they would be able to learn to do this
based on their ability to encode words which they have
developed over many years of reading. Given reports of
increased corrective saccades in less-skilled readers (e.g.,
Parker, Slattery, & Kirkby, 2019), it is expected that those
with lower quality lexical representations will require addi-
tional corrective saccades to reach the start of the line. This
prediction follows from the notion that less-skilled readers
target closer to the start of a new line and launch their
return-sweeps from closer to the end of the prior line due to
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encoding limitations. That is, longer intended saccades will
be more influenced by saccadic error.

An increase in corrective saccades for less-skilled read-
ers/spellers may also be due to a reduced ability to parafove-
ally encode letters. It is important to note that this prediction
assumes that there is a leftward skew of attention when
readers make return-sweeps (i.e., leftward saccades). This
assumption is consistent with the notion that the movement
of attention is consistent with the direction of the saccade
that it precedes (Godijn & Pratt, 2002; Godijn & Theeuwes,
2003), and the observation that readers acquire information
from the line-initial word when their line-initial fixation
lands to its right (e.g., Parker et al., 2020). Of course, this is
an open question as Veldre and Andrews (2014) reported
that spelling ability did not influence the extraction of infor-
mation to the left of rightwards moving intra-line fixations.
An alternative explanation for an increase in corrective sac-
cades for poorer readers/spellers is that better readers and/or
spellers could adopt a risky reading strategy (McGowan &
Reichle, 2018; Rayner et al., 2006). Such a strategy might
predict that readers learn they can target their return-sweeps
farther into the next line and avoid corrective saccades that
fixate the beginning of lines (i.e., riskier reading).

Our second aim was to investigate how measures of
lexical quality influenced return-sweep fixations (line-
final, accurate line-initial, undersweep). Line-final fixa-
tions have been hypothesised to be involved in return-sweep
planning (e.g., Hofmeister, 1997) rather than word process-
ing. Therefore, these fixations may not be under direct lexi-
cal control and measures of lexical quality may not
influence these fixation durations. Instead, they may be
under oculomotor control. The same reasoning holds for
undersweep fixations. These short fixations are assumed to
be terminated by the automatic triggering of a corrective
saccade when the reader lands in a non-efficient or unat-
tended location (Heller, 1982). However, for fixations that
follow accurate return-sweeps, lexical quality should play a
role as these fixations are on words that received no parafo-
veal processing and thus all the work of word identification
must happen in foveal vision. Furthermore, these accurate
line-initial fixations are useful for determining if spelling
ability is associated with parafoveal processing in the form
of trans-saccadic integration or is instead associated with
an initial stage of orthographic encoding. During intra-line
reading, initial orthographic encoding is likely to take place
during parafoveal processing and so it is impossible to sort
out these two explanations for the influence of spelling
ability. However, prior to a return-sweep, there can be no
parafoveal processing of words at the start of the next line.
Therefore, any trans-saccadic integration would be severely
limited and unlikely to influence line-initial fixation dura-
tions. However, if spelling ability influences early ortho-
graphic encoding, then we should see evidence of this on
the duration of accurate line-initial fixations as this early
encoding could not have happened on the prior fixation.

These predictions were examined in an eye movement
experiment of multiline reading where line length was
manipulated. This manipulation allowed us to additionally
examine the influence of text layout on eye movement
control during the processing of multiline texts which was
an interest of early investigations of return-sweep saccades
(Heller, 1982; Hofmeister et al., 1999). To foreshadow, the
inclusion of this manipulation enabled us to replicate sev-
eral effects reported in the literature thus lending strength
to our novel findings.

Method

Participants

A total of 123 native English speakers from the
Bournemouth University community participated in the
study. All had normal or corrected-to-normal vision and
indicated that they had no history of reading impairment.
Two participants were excluded due to track loss and one
excluded to due below chance performance (<50% accu-
racy) on comprehension items. This left 120 participants,
with a mean age of 23.4years (SD=10.28), who were
naive to the purpose of the experiment.

Apparatus

Eye movements were recorded via an SR Research
EyeLink 1000 eye-tracker sampling once per millisecond.
Although reading was binocular, monocular data were
recorded. The right eye was tracked for all but four partici-
pants.' Text was presented in black letters on a white back-
ground using a non-proportional font (Consolas).
Forty-eight participants viewed stimuli on a BenQ
XL2410T LCD monitor while the remaining 72 viewed
stimuli on a Cambridge Research Systems LCD+ + moni-
tor. Both monitors had a 1,920 X 1,080 resolution. To
account for differences in pixel size between the two mon-
itors, text was displayed in different font sizes: BenQ: 20
pt, Cambridge Research Systems: 16 pt. This ensured that
at a viewing distance of 80 cm, 3.57 letters equated to 1° of
visual angle. A forehead rest was used to minimise head
movements and a VPixx five-button response box was
used to record responses.

Materials

Experimental stimuli consisted of 20 passages of text. Each
passage contained three to six sentences displayed across
three to four lines (see Figure 1), which were formatted to
one of two line widths: 75 characters (21° of visual angle)
or 115 characters (32° of visual angle). Words in the text
varied in length from 1 to 12 letters (M=4.35) and had an
average Zipf’s frequency (Van Heuven et al., 2014) based
on the SUBTLEX database (Brysbaert & New, 2009) of
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As Henry whittled the stick for roasting marshmallows his father put
another log on the campfire. Later that night, raccoons got into their
food and made a mess of the campsite. His mother spent the whole of
the following day clearing up the camp.

As Henry whittled the stick for roasting marshmallows his father put another log on the camp-
fire. Later that night, racoons got into their food and made a mess of the campsite. His mother
spent the whole of the following day clearing up the camp.

Figure |I. Example stimuli, where stimuli are formatted to one of two line lengths (75 or |15 characters).

5.80 (range: 1.30-7.67). Passages were counterbalanced so
that each participant read an equal number in each condi-
tion and over all participants each passage was seen an
equal number of times in each condition.

Ability measures

Reading ability. To estimate effective reading rate, partici-
pants read three 120-word passages with an average word
length of 5.07 characters, and a Flesch—Kincaid grade
level of 9. After reading each passage, participants were
required to answer 10 factually true-or-false questions
about the passage. Participants’ effective reading rate was
calculated as reading speed (words per minute) multiplied
by their comprehension accuracy (Rayner et al., 2015;
Slattery & Yates, 2018). While this effective reading rate
measure has been used in previous studies (Slattery &
Yates, 2018; Yates & Slattery, 2019), it differs from the
way that reading ability has been operationalised by other
labs. Typically, reading ability is assessed using the read-
ing comprehension subtest of the Nelson—Denny (Brown
etal., 1993). While Andrews et al. (2020) report that read-
ing rate yields weaker correlations with spelling ability
than comprehension performance on the Nelson—Denny,
the correlation between effective reading rate (which com-
bines comprehension and reading rate) and spelling ability
in the current study is in line with other eye movement
experiments (as discussed in the “Results” section).

Spelling ability. Two measures of spelling ability were
administered (Andrews & Hersch, 2010; Andrews & Lo,
2012; Veldre & Andrews, 2014). The spelling dictation test
required participants to spell 20 low-frequency words
from a list compiled by Burt and Tate (2002). Words were
read aloud, alone, and in a sentence, by the experimenter.
A participant’s score on this test was the number of words
correctly spelled. The spelling recognition task was com-
prised of 88 items, half of which were spelled incorrectly.
Participants were required to indicate whether words were
spelled correctly or incorrectly. A participant’s score on
this second test was 88 minus the number of unidentified

misspelled words or misidentified correctly spelled words.
Thus, scores could range from 0 (none correct) to 88 (all
correct).

Procedure

Participants provided informed consent and were familiar-
ised with the equipment. They then completed a 9-point
calibration and validation procedure. Errors above 0.4° of
visual angle were repeated. Prior to viewing stimuli, a
black 2° X 2° square, which coincided with the left side of
the first letter in the stimulus, appeared on the screen. Once
a stable fixation was detected in this area, the stimulus was
presented. Presentation order was randomised and partici-
pants were instructed to read silently for comprehension.
Comprehension questions appeared after the third of items.
These “yes/no” questions required participants to respond
by pressing one of two buttons on the response box. The
average accuracy for the comprehension questions was
86%.% Following experimental trials, participants com-
pleted the individual differences tests in the following
order: reading comprehension, spelling dictation, and mis-
spelled word recognition. Upon completion, participants
received payment at a rate of £10 per hour or course credit
as compensation.

Results

Measures of reading and spelling ability

Descriptive statistics for individual difference measures
are shown in Table 1. Scores on the spelling dictation and
recognition tasks were highly correlated, »=.82, p <.001.
Thus, following Andrews and Hersch (2010), the two
spelling measures were standardised and then averaged
together to create the zSpell variable. The effective reading
rate was standardised to create the zRead variable.
Consistent with prior research, these variables were posi-
tively correlated, »=.39, p <.001. Despite using different
reading ability measures, the correlation between zRead
and zSpell was similar to those reported by Andrews and
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Table I. Descriptive statistics for the individual difference
variables.

Table 2. Descriptive statistics for return-sweep and
corrective saccade parameters as a function of line length.

Effective reading Spelling dictation Spelling Line Length Return-sweep  Return-sweep  Frequency of

rate (words per  (maximum=20) recognition launch position landing position undersweep

minute) (maximum = 88) fixations (%)
M 128.1 9.6 70.1 Short 5.7 (2.99) 5.4 (2.89) 63.3 (48.22)
SD 42.30 423 8.29 Long 5.8 (3.00) 8.0 (3.46) 83.2 (37.4)
Range 45-256 0-20 47-88

colleagues (e.g., Andrews & Hersch, 2010; Drieghe et al.,
2019; Veldre & Andrews, 2014; Veldre et al., 2017), which
ranged from .34 to .48.

Eye movement measures

Fixations shorter than 80 ms, which were within one char-
acter of a previous or subsequent fixation, were combined
with that fixation while all other fixations less than 80 ms
or greater than 800ms were excluded, leading to the
removal of 0.01% of fixations. Trials in which there were
five or more blinks during passage reading were also
removed (0.01% of trials).

Eye movement data were analysed using linear mixed-
effects models (LMMs), constructed using the Ime4 pack-
age (version 1.1-21; Bates et al., 2015) in R (R Core Team,
2019). Each model included a fixed-effects coding for line
length condition. The contr.sum() function from the base
stats package was used to implement summed-to-zero con-
trasts for our experimental line length manipulation, such
that the intercept corresponded to the grand mean of line
length conditions and the fixed effects corresponded to a
main effect. To examine the independent contributions of
reading and spelling ability on eye movement data, zSpell
and zRead were entered as separate predictors and were
allowed to interact with experimental effects in the mod-
els. Initially, all models adopted a full random structure,
treating both participants and items as random factors,
with random intercepts and slopes (Barr et al., 2013). To
conserve power lost to unnecessary complexity, we used a
“parsimonious” backwards selection approach to model
the random-effects structure (Bates et al., 2015). All
numerical variables were centred prior to analysis. For all
models, we report regression coefficients (b), standard
error (SE), t-values, and p-values (computed using the
ImerTest package, version 3.1-0; Kuznetsova et al., 2019).

Return-sweep and corrective saccade
parameters

We examined three saccade parameters: return-sweep
launch position (the number of characters from the end of
the line at which the return-sweep is launched), return-
sweep landing position (the number of characters from the

Note. Return-sweep launch sites are shown as the characters from the
end of a line. Landing site is given in characters from the beginning of
the line. Means are displayed with standard deviations in parenthesis.

left margin of the new line), and the frequency of correc-
tive saccades. These metrics were examined for 4,354
return-sweeps in the short condition and 2,542 in the long
condition. Return-sweep and corrective saccade parame-
ters are shown in Table 2.

First, we fitted an LMM to return-sweep launch posi-
tion data: /mer(dv~ condition X zSpell + condition X
zRead + (1| participant) + (1 + condition| item)). Prior to
analysis, to exclude the extended right tail, we removed
return-sweeps that were launched further than 20 charac-
ters from the end of the line (9.01% of return-sweeps).
Regression coefficients shown in Table 3 indicate that
return-sweep launch position did not differ between line
length conditions (see Figure 2). However, return-sweep
launch position increased with both increasing zSpell and
zRead, indicating that highly skilled spellers and readers
launched their return-sweeps further from the end of the
line. The higher level interactions did not modulate return-
sweep launch position.

Next, we fitted a model to return-sweep landing posi-
tion data: Imer(dv~ condition X zSpell + condition X
zRead + launch position + (1| participant) + (1 + condi-
tion| item). In this model, return-sweep launch position
was included as a centred numerical predictor to control
for the position of the preceding line-final fixation. Prior
to analysis, we excluded fixations landing more than 15
characters away from the start of the line (4.6% of cases).
The relationship between fixed effects and return-sweep
landing position is illustrated in Figure 2. Return-sweeps
landed further from the left margin in the long line condi-
tion and when launch positions were close to the end of
the prior line. There was also a main effect of zSpell
where landing positions were further from the left margin
for better spellers but not better readers. The remaining
interactive model terms did not affect return-sweep land-
ing position. This indicates that the effects of zSpell and
zRead were consistent across the line length conditions.

Subsequently, we fitted a generalised LMM to examine
the likelihood of initiating a corrective saccade following a
return-sweep. In addition to fixed-effects coding for condi-
tion, zSpell, zRead, and their interactions, we included land-
ing position as a control variable in the model. Return-sweep
landing position has been shown to heavily influence the
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Table 3. Results of the (generalised) linear mixed-effects models for return-sweep and corrective saccade parameters.

Measure Fixed effects b SE vz p
Return-sweep launch position (Intercept) 5.838 0.226 25.82 <.001
Condition -0.017 0.104 -0.16 .870
zSpell 0.530 0.145 3.65 <.001
zRead 0.435 0.139 3.13 .002
Condition X zSpell 0.073 0.042 1.74 .083
Condition X zRead —0.061 0.041 —1.49 136
Return-sweep landing position (Intercept) 6.916 0.203 34.09 <.001
Condition -1.353 0.112 -12.03 <.001
zSpell 0.414 0.191 2.17 .030
zRead 0.157 0.183 0.86 .390
Launch position -0.066 0.014 -4.78 <.001
Condition X zSpell -0.066 0.041 -1.59 AT
Condition X zRead -0.035 0.040 -0.87 .384
Corrective saccade likelihood (Intercept) 1.988 0.161 12.36 <.001
Condition -0.024 0.047 -0.51 613
zSpell -0.385 0.165 -2.33 .020
zRead -0.425 0.158 -2.69 .007
Landing position 0.779 0.026 29.72 <.001
Condition X zSpell 0.100 0.052 1.91 .056
Condition X zRead -0.026 0.052 -0.50 616

Note. Significant model terms are presented in bold.

likelihood of initiating a corrective saccade following a
return-sweep (Parker, Nikolova, et al., 2019; Parker, Slattery,
& Kirkby, 2019). The model glmer(dv~ landing posi-
tion + condition X zSpell + condition X zRead + (1| partici-
pants) + (1] items)) indicated that the likelihood of initiating
a corrective saccade increased as a function of landing site.
That is, return-sweeps landing further from the left margin
were more likely followed by a corrective saccade. As shown
in Figure 2, the likelihood of requiring a corrective saccade
decreased with increasing zSpell and zZRead. However, there
was no statistically significant effect of line length condition
or its interaction with zSpell or zZRead on corrective saccade
likelihood.?

Return-sweeps and fixation duration

To assess how intra-line and return-sweep fixation durations
differed with regard to spelling and reading ability, we fitted
LMMs to log-transformed intra-line, line-final, accurate
line-initial, and undersweep fixation durations: /mer(dv~
condition X zSpell + condition X zRead + (1 + condition|
participant) + (1| items)). Mean durations for each fixation
population are shown in Table 4. Regression coefficients in
Table 5 indicated that, for intra-line fixations, durations
were shorter in the short line condition. While intra-line
fixation durations did not vary as a function of zSpell, they
decreased with increasing zRead (see Figure 3). The signifi-
cant interaction between condition and zRead suggested
that the effect of zZRead was stronger in the short line condi-
tion. Line-final fixations were shorter in the short line con-
dition and decreased with increasing zRead, but not zSpell.

While accurate line-initial fixation durations did not differ
between line length conditions, they decreased with increas-
ing zRead and zSpell. For accurate line-initial fixations, the
effect of zRead on fixation duration is consistent with the
large body of evidence indicating that better readers require
less time for lexical access (Drieghe et al., 2019; Slattery &
Yates, 2018; Veldre & Andrews, 2014, 2015; Veldre et al.,
2017). However, the effect of zSpell on fixation duration for
this specific fixation population is novel. Typically, spelling
ability has been associated with longer forward saccades
(parafoveal processing) rather than shorter fixation dura-
tion. So, this zSpell finding is new and consistent with spell-
ing ability influencing early letter encoding processes rather
than being specifically tied to parafoveal processing.
Undersweep fixation durations were significantly shorter in
the long line condition, yet did not vary as a function of
zSpell or zRead, further supporting the notion that these
fixations are not terminated based on lexical processing.

Discussion

The primary goal of this research was to characterise the
effects of individual differences related to lexical quality on
eye movement control during the reading of multiline texts,
with particular emphasis on return-sweep saccades and
their adjacent fixations. In addition to replicating several
return-sweep findings, we report novel skill-related differ-
ences in relation to return-sweeps and corrective saccades.
Less-skilled readers and spellers launched their return-
sweeps closer to the end of the line, preferred a viewing
location closer to the start, and made more return-sweep
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Figure 2. Scatterplots for dependent variables as a function of line length, zSpell, and zRead. Return-sweep launch position is
measured in characters from the end of the line. Return-sweep landing position is measured in characters from the start of the line.
Data points represent participants’ average score for each dependent variable correlated with their ability measures. The black line
represents the regression line between the two variables. The grey band represents 95% confidence intervals.

undershoot errors—as indexed by more undersweep fixa- reading skill influenced intra-line, line-final, and accurate
tions. We additionally report several skill-related differ- line-initial fixations, undersweep fixations were not influ-
ences in readers’ fixations across multiline texts. While enced by reading skill differences. In addition to being
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Table 4. Descriptive statistics for return-sweep fixation durations as a function of line length.

Line length Intra-line Line-final Accurate line-initial Undersweep

Short 200.6 (86.57) 191.4 (86.97) 257.9 (91.46) 147.9 (40.20)

Long 223.9 (86.81) 201.3 (94.81) 267. 3 (97.57) 134.3 (35.79)

Note. Means are displayed with standard deviations in parenthesis.

Table 5. Linear mixed-effects model results for fixation population duration (log-ms).

Fixation population Fixed effect b SE vz p

Intra-line (Intercept) 2.318 0.003 663.83 <.001
Condition -0.004 0.001 -6.09 <.001
zSpell —0.006 0.004 —1.47 141
zRead -0.014 0.004 -3.99 <.001
Condition X zSpell —0.000 0.001 -0.35 730
Condition X zRead -0.002 0.001 -2.36 018

Line-final (Intercept) 2.255 0.006 408.07 <.001
Condition -0.010 0.002 —4.62 <.001
zSpell —0.002 0.006 -0.32 747
zRead -0.014 0.005 -2.68 .007
Condition X zSpell —0.000 0.002 -0.17 .869
Condition X zRead —0.002 0.002 —0.67 .503

Accurate line-initial (Intercept) 2.400 0.007 324.43 <.001
Condition —0.006 0.004 —-1.66 .097
zSpell -0.018 0.008 -2.30 .022
zRead -0.016 0.007 -2.17 .030
Condition X zSpell 0.003 0.004 0.64 .524
Condition X zRead —-0.007 0.004 —-1.65 .098

Undersweep (Intercept) 2.143 0.005 402.63 <.001
Condition 0.023 0.001 15.85 <.001
zSpell —0.005 0.006 —0.84 399
zRead 0.002 0.005 0.42 .675
Condition X zSpell 0.001 0.002 0.84 401
Condition X zRead —0.002 0.002 —-1.54 125

Note. Significant model terms are presented in bold.

influenced by reading ability, accurate line-initial fixation
durations were influenced by spelling ability. This is of par-
ticular interest as spelling ability is typically associated
with measures of saccade targeting and oculomotor deci-
sions as opposed to fixation durations. This suggests that
spelling ability influences fixation durations when words
are processed solely in foveal vision. Together, these results
indicate that lexical quality not only shapes the rate at
which readers access meaning from the text but influences
the saccade targeting even in the absence of parafoveal
information. We say more about these contributions with
reference to our predictions below.

Return-sweep and corrective saccade
parameters

Consistent with our predictions, readers with higher
quality lexical representations (as indexed by increased

spelling and reading ability) launched their return-
sweeps further from the end of the line. This indicates
that those with more robust representations do not need
to fixate the extremes of lines to encode the text there.
This pattern of results parallels that of Parker, Slattery,
and Kirkby (2019) whereby skilled, adult readers
launched their return-sweeps further from the end of the
line when compared with less-skilled, developing read-
ers. Two potential reasons for these observations exist.
The first is that more skilled readers are able to use para-
foveal processing to encode the information presented in
these extreme regions. This, of course, does not neces-
sarily mean that better readers/spellers have larger per-
ceptual spans. It may be that highly skilled readers
engage in more efficient orthographic processing for
information in near foveal areas that fall within the per-
ceptual span (i.c., parafoveal regions of the word identi-
fication span—the area of the visual field in which words
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Figure 3. Scatterplots for fixation duration as a function of line length, zSpell, and zRead for each fixation population. Data points
present participants’ average fixation duration correlated with their ability measures. The solid black line represents the regression
line for the short line condition and the dashed line represents the regression line for the long condition. R? values for the short line

condition are shown above R? values for the long line condition.

can be identified during a single fixation). The second is
that skilled readers avoid fixating close to the end of a
line to reduce oculomotor error associated with longer
return-sweep saccades. This riskier saccade targeting
may then result in readers guessing the identity of the
line-final words to support ongoing lexical processing
and comprehension. This strategy may be similar to the
risky reading strategy seen in older adults where an
increased reliance on top-down information from sen-
tence context results in increased word skipping (Rayner
et al., 2006). However, without empirical research on
return-sweep execution in older adults, it remains diffi-
cult to draw these comparisons. In light of the current
study, this second risky reading account seems unlikely.
If skilled readers avoid fixating extreme positions, then
we would predict an interaction between line length and
ability whereby better readers and spellers launch their
return-sweeps further from the end of the line when line
length is long. This would prevent the execution of very
long return-sweeps. Yet, the current data do not support
this prediction. It instead appears that, regardless of line
length, readers progress to a position from which they
can adequately encode the line final letters.

Previous investigations have typically reported that
return-sweep landing position is shifted to the right for
longer lines (Heller, 1982; Hofmeister et al., 1999). In line
with previous work and our predictions, such an effect was
observed. In addition, skill-related differences were also
observed for return-sweep landing positions. This is of par-
ticular interest as the target of the return-sweep lies far out-
side parafoveal vision. That is, even the most proficient
readers and spellers would be unable to encode the letters at
the start of a new line during the final fixation on the prior
line.* Instead, similar to the data reported by Parker, Slattery,
and Kirkby (2019), highly skilled readers and spellers
appear to have unconsciously learned to target further into
lines. We believe that a shift in return-sweep targeting
occurs over time as a reader develops more precise ortho-
graphic knowledge, and the ability to encode this ortho-
graphic information in the parafovea. Given that the shift in
landing position with increasing spelling ability is small, it
is likely that the development of precise orthographic
knowledge promotes processing for near foveal information
as opposed to information far in the parafovea/periphery.
Nonetheless, these developments allow a reader to target
further into a line safe in the knowledge that they will still be
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able to encode the letters at the start of the line. It is, how-
ever, important to reconcile our interpretation here with
existing data. Veldre and Andrews (2014) reported that
while spelling ability influenced the rightwards span, it did
not influence the leftward span. So, at first glance, it may
seem that our interpretation is inconsistent with the pub-
lished literature. However, it is important to note that their
study detailed single-sentence reading where attention is
almost exclusively allocated from left to right. With return-
sweeps, attention will be moving from right to left to exe-
cute the saccade as movement of attention precedes the
saccade (Godijn & Pratt, 2002; Godijn & Theeuwes, 2003).
Thus, the typical distribution of attention during reading
cannot be assumed in this case. Indeed, when readers make
an undersweep fixation, they appear to extract information
from the line-initial word that facilities encoding of that
word following a corrective saccade. Furthermore, there
appears to be no such benefit for words to the right of an
undersweep fixation, suggesting that the skew of attention is
directed towards the start of the line following a return-
sweep (c.f. Parker et al., 2020). One question that remains
unanswered is the extent to which the distribution of atten-
tion changes during return-sweeps.

These observed skill-related effects in launch and land-
ing positions highlight how ability differences acquired
through learning can shape the reading strategy and can be
interpreted within the context of Grainger and Ziegler’s
(2011) dual-route approach to orthographic processing.
Their approach hypothesises that two kinds of prelexical
orthographic codes are used to identify words: a coarse-
grained and a fine-grained code. Processing of coarse-
grained information is rapid and promotes access to
meaning. Within this route, a minimal subset of letters is
used to identify a word. By contrast, the fine-grained route
is dependent on precise letter order and word beginnings
and endings. We propose that a skill-related shift in ortho-
graphic knowledge influences return-sweep targeting. It is
possible that the increase in orthographic knowledge asso-
ciated with high spelling and reading ability enables read-
ers to rely less on fine-grained processing, and instead
begin to use the most visible letters to “guess” the word’s
identity. Thus, when engaged in this coarse route of pro-
cessing, skilled readers may not have to fixate certain
words at extreme positions on a line to process them. They
can instead use the available information in parafoveal
vision to do this.

What is perhaps most interesting in relation to skill-
related differences is that poorer readers and spellers were
more likely to require corrective saccades following a
return-sweep despite their line-initial fixations generally
landing closer to the left margin. Prior research has consist-
ently shown that return-sweeps which land closer to the left
margin are less likely to elicit a corrective saccade (Parker,
Slattery, & Kirkby, 2019). Therefore, the closer landing sites
combined with a greater likelihood of initiating corrective

saccades for lower ability readers indicates the difficulty
they are having processing extrafoveal information during a
line-initial fixation. Furthermore, while a comparison of
means indicated a higher frequency of corrective saccades
in the long line condition, analysis indicated that line length
itself did not predict the likelihood of initiating a corrective
saccade. Instead, this was predicted only by the distance at
which the reader landed relative to the start of the line
(which was further away from the margin with long lines).
This provides evidence to suggest that corrective saccades
are executed based on information available following a
return-sweep rather than being pre-planned with the return-
sweep. Thus, it appears that the landing position of a return-
sweep would influence the relationship between line length
and corrective saccade likelihood that has been frequently
reported (Beymer, Russel, & Orton, 2005; Dyson &
Kipping, 1998; Heller, 1982; Paterson & Tinker, 1940;
Schneps et al., 2013; Tinker, 1963). This interpretation is
consistent with Findlay and Walker’s (1999) model of sac-
cade generation that assumes saccades are generated during
the preceding fixation. However, it does not rule out the pos-
sibility that readers are more prepared to initiate a corrective
saccade following a return-sweep.

Ability and fixation durations

While spelling and reading ability jointly influenced both
return-sweep launch positions and corrective saccade like-
lihood, the duration of readers’ fixations were, for the most
part, modulated by reading but not spelling ability. Intra-
line fixation durations were exclusively modulated by
reading ability. This observation replicates several prior
eye movement studies (Drieghe et al., 2019; Slattery &
Yates, 2018; Veldre & Andrews, 2015, 2016; Veldre et al.,
2017). Line-final fixation durations were also exclusively
influenced by reading ability, whereas undersweep fixa-
tion durations were not significantly influenced by reading
or spelling ability. However, accurate line-initial fixations
were influenced by both reading ability and spelling abil-
ity. These findings indicate that when parafoveal process-
ing is possible prior to direct fixation (as is the case for
intra-line and line-final fixations), the precise lexical rep-
resentations measured by high spelling ability enhance the
parafoveal processing that contributes to oculomotor deci-
sions. When parafoveal processing is not possible during
the prior fixation (as is the case for accurate line-initial
fixations), spelling ability modulates the duration of the
fixation itself.

Assuming that line-final fixations were primarily
involved in return-sweep planning, we predicted that lexi-
cal quality may not modulate the duration of these fixations
to the same extent as it would for intra-line fixations.
However, line-final fixations decreased with increasing
reading ability with similar estimates for zRead in both
models. We see two possible explanations for this. First, if
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line-final fixations are involved in foveal encoding then
better readers may complete this encoding faster, allowing
them to execute return-sweeps earlier than poor readers.
Second, if line-final fixations are strictly involved in return-
sweep planning, better readers may take less time to plan
and execute a return-sweep. Of course, it is entirely plausi-
ble that the effect of reading ability on line-final fixation
duration reflects a mixture of the two explanations.

As we predicted, accurate line-initial fixations signifi-
cantly decreased with increasing reading ability consistent
with the importance of foveal word processing during these
fixations (c.f. Parker & Slattery, 2019). We also observed
an effect of spelling ability on accurate line-initial fixa-
tions, whereby durations significantly decreased with
increasing spelling ability. This may seem puzzling given
prior reports that the influence of spelling ability on eye
movements during reading is exclusively restricted to word
skipping and components associated with oculomotor tar-
geting (Drieghe et al., 2019). Yet, it is important to note that
these studies have involved intra-line reading where read-
ers routinely have access to parafoveal information about a
word prior to direct fixation. In the case of line-initial fixa-
tions, readers do not have access to this information prior to
direct fixation. To compensate for this lack of information,
readers may employ the precise lexical representations
indexed by spelling ability. We see two possible ways in
which this may occur. First, assuming that the duration of
readers’ line-initial fixations is related to programming sac-
cades across the line (i.e., start-up effects; Kuperman et al.,
2010), then the precise lexical representations measured by
spelling ability may influence the planning of these sac-
cades with highly skilled spellers completing these plans
more rapidly. Alternatively, the influence of spelling ability
on reading processes may be to speed initial orthographic
encoding. Since this encoding usually occurs parafoveally
for adult readers, spelling ability’s influence is normally on
measures of saccade length and word skipping, as better
spellers are able to encode a greater number of letters para-
foveally. With accurate line-initial fixations, this initial
orthographic encoding will not have happened prior to
direct fixation and therefore spelling ability will influence
the duration of these fixations. Further work is required to
confirm why spelling ability exerts an influence on this
specific population of fixations.

In contrast to influences of zRead and zSpell on accurate
line-initial fixations, undersweep fixation durations appear
uninfluenced by reading or spelling ability. Undersweep
fixation durations were approximately 142ms, which is
encompassed by the window (140—145 ms) at which lexical
variables begin to influence fixation durations (Reingold &
Sheridan, 2018). Despite this, neither reading nor spelling
ability influenced the duration of undersweep fixations.
That is not to say readers do not acquire information during
these fixations. Slattery and Parker (2019), Parker and
Slattery (2019), and Parker et al. (2020) reported that

readers can extract information at the point of, and to the left
of, undersweep fixations. However, these fixations appear
to be terminated based on retinal feedback following the
return-sweep which, if exceeding a certain threshold, trig-
gers a corrective saccade. When this error is large, the cor-
rective saccade will be initiated quicker than if the
return-sweep landed closer to the start of the line (e.g.,
Becker, 1976). The current study provides evidence in sup-
port of this explanation as undersweep fixations landed fur-
ther from the start of the line in the long line condition and
were of a shorter duration relative to those in the short line
condition. An absence of skill-related differences for under-
sweep fixation durations suggests that under certain circum-
stances, the oculomotor system drives fixation behaviour
rather than lexical processing.

Before moving on to our concluding remarks, it is
important to note a limitation of the current experiment. A
potential confound here results from the line length manip-
ulation. Given that the content of the texts were identical
between conditions, the line length manipulation meant
that words could occur in different spatial locations
between conditions. Differences in lexical properties of
the text in these locations could have systematically influ-
enced return-sweep behaviour in these locations. As with
prior work, this could have influenced saccade targeting
between conditions. While this may have influenced
return-sweep behaviour related to the line length manipu-
lation, it is difficult to see how this may have affected the
reading and spelling ability effects that were found and
which did not interact with the line length manipulation.
Still, future work should maintain consistency in the infor-
mation presented to readers at the locations in which
return-sweep launch sites and landing positions are most
likely. For recent examples that have maintained consist-
ency in the information presented to readers in these spa-
tial locations while manipulating line length, see Parker,
Nikolova, et al. (2019) and Vasilev, Adedeji et al. (2019).

In sum, the current work demonstrates that lexical quality,
as indexed by reading and spelling ability, influences reading
at line boundaries. Better readers require less time to encode
information either side of the return-sweep, while better
spellers use their precise lexical representations to more
quickly encode information following a return-sweep. Better
readers and spellers seem able to use parafoveal information
to their advantage and do not need to target words positioned
at extreme locations at the end of a line of text. What is per-
haps more interesting is the observation that better spellers
avoid fixating locations close to the start of the line despite
being unable to process that information parafoveally on the
prior fixation. This indicates that these better spellers target
their return-sweeps based on the knowledge that they will be
able to engage in parafoveal processing to the left of fixation
following return-sweep execution. The observed skill-related
differences in return-sweep behaviour are highly similar to
the developmental differences between children and adults
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reported elsewhere (Parker et al., 2019). The distinctions
between intra-line effects of reading and spelling ability are
consistent with the growing body of research which suggests
that reading ability primarily influences foveal processing
while spelling ability influences parafoveal processing.
However, this study is the first to establish that fixation dura-
tions are influenced by spelling ability when readers cannot
engage in parafoveal processing prior to direct fixation on a
word. This suggests that spelling skill may influence initial
orthographic coding rather than parafoveal processing per se.
These findings provide several benchmarks for computa-
tional models of eye movement control, such as E-Z Reader
(Reichle & Sheridan, 2015) and SWIFT (Engbert et al.,
2005). Currently, these models do not make predictions
about return-sweep behaviour. To model the reading of larger
passages of text, these models of eye movement control will
have to consider fixation durations either side of a return-
sweep and the factors contributing to return-sweep targeting
and error.

Acknowledgements

Portions of this work were presented at the 25th Annual Meeting
of the Society for the Scientific Study of Reading in Brighton,
UK. The authors would like to thank Zoe Woodhead, Sara
Milledge, and an anonymous reviewer for their helpful com-
ments on a prior version.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was made possible in part by a research grant from the
Microsoft Corporation to T.J.S. which was matched by
Bournemouth University to fund A.J.P.’s PhD studies.

ORCID iD

Adam J Parker “= https://orcid.org/0000-0002-1367-2282

Data accessibility statement

Supporting data is available on request: please contact adam.
parker@psy.ox.ac.uk.

Notes

1. Measures of proficiency (i.e., zSpell, zRead) for participants
whose left eye was tracked did not statistically differ from
those whose right eye was tracked, nor did any return-sweep
or corrective saccade parameter.

2. To examine how comprehension varied with spelling and
reading ability, we fit a generalized linear mixed model
(GLMM) to comprehension accuracy data: glmer(dv~ zSpell
X zRead + (1| participant) + (1| item)). The model indicated
that neither spelling ability, 5=—0.135, SE=0.172,z=-0.78,

p=.433, nor reading ability, »=0.067, SE=0.156, z=0.43,
p=.665, influenced comprehension accuracy.

3. Without controlling for landing position, there was a signifi-
cant effect of condition, h=-0.576, SE=0.036, t=-16.01,
p<<.001, on corrective saccade likelihood, yet no effect of
zSpell, b=—-0.060, SE=0.104, t=-0.57, p=.568, or zRead,
b=-0.189, SE=0.100, r=—1.90, p=.058. The interaction
terms did not significantly affect corrective saccade likeli-
hood (|t|s <—1.46). These results indicate that the effects of
reading ability emerge only when we control for the position
in which the return-sweep lands.

4. While this is true of most lines of text, we acknowledge that
occasionally the line break between paragraphs will require
a much shorter return-sweep to move gaze from the end of
a partial line of text to the beginning of an indented line of
text.
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