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Abstract
Recent research on return-sweep saccades has improved our understanding of eye movements when reading paragraphs. 
However, these saccades, which take our gaze from the end of one line to the start of the next line, have been studied only 
within the context of silent reading. Articulatory demands and the coordination of the eye–voice span (EVS) at line bounda-
ries suggest that the execution of this saccade may be different in oral reading. We compared launch and landing positions of 
return-sweeps, corrective saccade probability and fixations adjacent to return-sweeps in skilled adult readers while reading 
paragraphs aloud and silently. Compared to silent reading, return-sweeps were launched from closer to the end of the line 
and landed closer to the start of the next line when reading aloud. The probability of making a corrective saccade was higher 
for oral reading than silent reading. These indicate that oral reading may compel readers to rely more on foveal processing 
at the expense of parafoveal processing. We found an interaction between reading modality and fixation type on fixation 
durations. The reading modality effect (i.e., increased fixation durations in oral compared to silent reading) was greater for 
accurate line-initial fixations and marginally greater for line-final fixations compared to intra-line fixations. This suggests 
that readers may use the fixations adjacent to return-sweeps as natural pause locations to modulate the EVS.

Research on eye movements during reading has been domi-
nated by the exploration of silent reading processes. How-
ever, much can be learned from oral reading processes, 
especially since this is the primary modality through which 
children learn to read (Laubrock & Kliegl, 2015; Vorstius 
et al., 2014). During reading, we translate visual symbols 
to sounds by mapping orthography to phonological and 
semantic representations stored in our mental lexicon. This 
process of lexical activation and access has been thought to 
occur similarly, regardless of whether we read silently or 
aloud. For instance, visual word recognition processes dur-
ing naming and silent reading tasks are similarly influenced 
by several lexical variables (Juel & Holmes, 1981; Schilling 
et al., 1998). However, while silent reading involves covert 
or inner speech, oral reading involves overt speech produc-
tion (Rayner et al., 2012). This additional articulatory com-
ponent in oral reading increases reading times. Compared 
to silent reading, eye movement patterns in oral reading are 
characterized by an increased number of fixations, longer 

fixation durations (approximately + 50 ms), higher refixation 
probabilities, less skipping, and shorter saccades (6–7 letters 
vs. 7–9 letters; Anderson & Swanson, 1937; Ashby et al., 
2012; Inhoff & Radach, 2014; Kim et al., 2019; Krieber 
et al., 2017; Rayner, 2009; Vorstius et al., 2014).

Eye movement reading research has also been dominated 
by single line studies, with few experiments exploring mul-
tiline reading and the return-sweep saccades needed for 
such texts (see Slattery & Parker, 2019; Slattery & Vasilev, 
2019). These two research tendencies (silent reading and 
single line reading) have resulted in a lack of research into 
oral reading of multiline text, especially with regards to the 
return-sweeps that move gaze from the end of one line to the 
start of the next (Parker et al., 2019a, b). Return-sweeps are 
still not fully understood, and recent evidence suggests that 
their targeting and execution may be distinct from intra-line 
saccades (Slattery & Vasilev, 2019). It is known that during 
silent reading, the first fixation on a line is longer and the last 
fixation on a line is shorter in duration than intra-line fixa-
tions (i.e., those that do not cross line boundaries; Abrams 
& Zuber, 1972; Parker et al., 2019a, b; Rayner, 1977). How-
ever, when reading aloud, the eye tends to lead the voice 
in the text as readers make articulatory plans (Buswell, 
1920). Because of this articulatory need, and the absence 
of parafoveal preview information across line boundaries, 
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reading aloud may impact the planning and execution of 
return-sweeps.

Eye‑movements during oral reading

Though considered a less mature way of reading, oral read-
ing is common. Developing readers use oral reading to map 
written text to phonological codes and skilled adult readers 
may engage occasionally in oral reading when reading dif-
ficult texts (Hardyck & Petrinovich, 1970). Although less 
than 2% of adult respondents from a recent survey read aloud 
more than they read silently; reading instructions, recipes, 
shop signs and reading to loved ones are few ways oral 
reading occurs in adulthood (Duncan & Freeman, 2019). 
Fundamentally, oral reading processes mirror silent reading 
processes in many ways since eye movement measures in 
both reading modalities are correlated within individuals 
(Anderson & Swanson, 1937; Søvik et al., 2000) and across 
individuals of different languages (Brysbaert, 2019). How-
ever, there are differences which follow directly from the dif-
ferences in the rate of silent reading which is ~ 250 words per 
minute (WPM) and the rate of conversational speech (~ 150 
WPM). The lower rate of conversational speech reveals 
speed limitations of the articulatory system. Speech rates 
may begin to approximate silent reading rates only in trained 
professionals (e.g., high-speed auctioneers; Rayner et al., 
2016). However, for most people and dialogues, speech rates 
do not approach silent reading rates due to articulatory limi-
tations. Therefore, speech processes may constrain oculomo-
tor processes when the two systems are simultaneously acti-
vated. As such, it is perhaps not surprising that oral reading 
rates lie somewhere in between conversational speech and 
silent reading rates (~ 180 WPM; Brysbaert, 2019).

The differences between oral and silent reading rates 
can be attributed to the time taken to articulate, which is 
often slower than the time to engage in visual and linguistic 
processing of text. The slower speed of articulation brings 
along the need to coordinate the eye and the voice through 
a continuous adjustment of when and where to move the 
eyes. Such adjustments are evident in the increase in fixa-
tion durations, refixations and regressions based on the 
width of the eye–voice span (EVS). The EVS is the distance 
between the eye and the voice and averages about 2 words 
or 16 characters in skilled readers (Inhoff et al., 2011; Lau-
brock & Kliegl, 2015; Rayner et al., 2012). However, dur-
ing reading aloud the EVS changes dynamically based on 
moment to moment reading demands/conditions. When the 
EVS is too wide at the onset of fixation, the oculomotor sys-
tem responds by pausing longer to allow the voice to catch 
up, and if the EVS remains wide at the end of the fixation, 

regressive saccades are more likely to be triggered (Inhoff 
et al., 2011; Laubrock & Kliegl, 2015). Therefore, during 
reading aloud, additional constraints are placed on the ocu-
lomotor system by the articulatory system which influence 
the decision of when and where to move the eyes. One by-
product of this is that the relative influence of variables such 
as word frequency may be reduced during reading aloud 
(Huestegge, 2010; Vorstius et al., 2014). It would appear 
that, during oral reading, the decision to terminate a fixation 
may not solely be determined by word frequency but also 
by the phonetic characteristics of words and the continuous 
coordination of the eye and voice (Laubrock & Kliegl, 2015; 
Vorstius et al., 2014).

The yoking of the eye’s forward progress to the voice 
is likely accomplished by means of controlling the move-
ment of attention which precedes saccadic eye movements 
(Rolfs et al., 2011; Shepherd et al., 1986; Zhao et al., 2012). 
Additionally, it is the pre-saccadic attentional movements 
that are responsible for parafoveal preview benefits (see 
“Discussion” below) within the E-Z Reader model (Pollat-
sek et al., 2006; Reichle et al., 1998). Therefore, the yoked 
coordination of the eye and voice may limit the amount of 
parafoveal processing that occurs during oral reading as 
attention works to hold back the forward progress of the 
eyes. Indeed, oral reading appears to be less influenced by 
parafoveal preview manipulations than silent reading. For 
example, Ashby et al. (2012) manipulated the availability 
of parafoveal information using a moving window para-
digm (McConkie & Rayner, 1975). Windows of either one 
or three words were presented to participants while they read 
orally or silently whilst the other words were masked. They 
found that the availability of accurate parafoveal informa-
tion improved reading speed in silent reading more than it 
did for oral reading. Similarly, Inhoff and Radach (2014) 
investigated the extent to which readers process words in 
the parafovea using the boundary paradigm (Rayner, 1975). 
In this paradigm, an invisible boundary is placed before 
a target word in the sentence to manipulate what parafo-
veal preview participants receive in the target word loca-
tion. Once the boundary is crossed, the preview changes to 
the actual target word. The difference in fixation durations 
between a valid preview (i.e., the target itself is present) and 
an invalid preview (i.e., a different string of letters) is called 
the preview benefit (Rayner, 1998). The preview benefit is 
typically interpreted as a processing advantage that allows 
readers to initiate recognition processes before a word is fix-
ated (Reichle & Reingold, 2013). Inhoff and Radach (2014) 
found that preview benefits were smaller in oral compared 
to silent reading. This further suggests that readers extract 
less parafoveal information during oral compared to silent 
reading.
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Return‑sweep saccades in silent reading

Return-sweep saccades usually launch from and land some 
five to seven characters away from the right and left margins 
of successive lines, respectively (Hofmeister et al., 1999; 
Parker et al., 2019a, b; Rayner, 2009; Slattery & Vasilev, 
2019). Furthermore, compared to intra-line saccades, return-
sweep saccades are longer—typically travelling between 
40 and 70 characters (Slattery & Vasilev, 2019). The land-
ing position of a return-sweep saccade is influenced by 
the length of the previous line: with longer lines, landing 
positions shift to the right (Hofmeister et al., 1999; Parker 
et al., 2019a, b; Vasilev et al., 2021). Unlike intra-line sac-
cades, where the target is assumed to be the centre of a 
word (known as Optimal Viewing Position [OVP]; McCo-
nkie et al., 1988), the target of the return-sweep saccade 
is assumed to be an area relative to the left margin that is 
independent of the length of the first word on a line (Slat-
tery & Vasilev, 2019). Furthermore, return-sweep landing 
positions are influenced by font size information, whereby 
landing positions in visual angle are shifted rightwards with 
large compared to small font sizes (Hofmeister, 1998; Vasi-
lev et al., 2021). This effect is independent of the length of 
the previous line and suggests that readers use global text 
characteristics to target a location on the new line that maxi-
mizes word identification processes (Vasilev et al., 2021).

Compared to intra-line saccades, return-sweep sac-
cades are costly eye movements. Because of their length, 
they often tend to undershoot their target (McConkie et al., 
1988). As a result, many return-sweeps are followed by a 
corrective saccade that takes gaze closer to the left margin 
of the line (Ciuffreda et al., 1976; Hofmeister et al., 1999). 
In fact, this occurs approximately 40–60% of the time (Slat-
tery & Vasilev, 2019). Research shows that the probability 
of making a corrective saccade is determined by an increase 
in saccade amplitude as indexed by line length measured 
in degrees of visual angle where longer lines lead to more 
corrective saccades (Hofmeister et al., 1999; Vasilev et al., 
2021). Return-sweep landing positions closer to the left 
margin have also been associated with fewer corrective sac-
cades as the magnitude of undershoot error provides retinal 
feedback to the oculomotor system to determine whether a 
corrective saccade should be triggered (Hofmeister et al., 
1999; Vasilev et al., 2021). Return-sweeps may also incur a 
large cost if they are launched too early and require a long-
distance regression back to the end of the prior line, espe-
cially because line boundaries do not usually coincide with 
sentence boundaries (Kuperman et al., 2010).

Recent work by Parker et al. (2019a, b) has also shown 
that, during silent reading, children launch their return-
sweeps from closer to the end of the line and land closer 
to the beginning of the new line compared to adults. This 
may occur because developing readers are less efficient in 

parafoveally processing words. Therefore, they may have to 
fixate more extreme regions of the lines to compensate for 
this. Furthermore, Parker et al. (2019a, b) found that chil-
dren make more corrective saccades following their return-
sweeps, even though they land closer to the beginning of 
the new line, presumably due to their need for greater foveal 
processing of line-initial text.

The fixations adjacent to the return-sweep give informa-
tion about the distinctive feature of this long reading sac-
cade. Line-final fixations which occur prior to launching 
the return-sweep saccade are characteristically shorter than 
intra-line fixations (Abrams & Zuber, 1972; Parker et al., 
2019a, b). These fixations have been thought to be shorter 
in duration due to either a lack of parafoveal information at 
line boundaries (Rayner, 1977) or due to return-sweep plan-
ning (Kuperman et al., 2010; Mitchell et al., 2008). There 
are two distinct types of fixations that follow return-sweeps: 
(1) undersweep fixations, which are followed by a corrective 
leftward saccade; (2) accurate line-initial fixations, which 
are followed by a rightward saccade. Accurate line-initial 
fixations are longer than intra-line fixations, likely because 
they land on text that has not been processed parafoveally 
(Heller, 1982; Parker et al., 2017). However, undersweep 
fixations are shorter than other reading fixations, as they 
are terminated quickly in order to move the eye to a better 
viewing location (Abrams & Zuber, 1972; Hofmeister et al., 
1999; Parker et al., 2019a, b, 2020).

Present study

The present study explored how reading aloud influences 
return-sweeps compared to reading silently. This is of par-
ticular interest, because oral reading involves the coordina-
tion of the eye with the voice for fluent reading. In addition 
to the natural lagging feature of speech processes, readers’ 
eye movements are functionally ahead of the voice to obtain 
a sufficient view of upcoming words and to prepare phono-
logical and articulatory codes for speech output (Buswell, 
1920; Levin & Turner, 1966). However, at the end of the 
line, access to upcoming words (i.e., those at the start of 
the next line) is largely limited (Parker et al., 2017). Since 
return-sweeps are costly eye movements, the oculomotor 
system is saddled with the decision of how long to wait at 
the end of the line before moving to the next line so that new 
words can be processed and stored for articulation. Moving 
too early could result in an unreasonably large EVS. Wait too 
long, and fluent reading may be disrupted. Thus, a modula-
tion of the EVS might impact the way return-sweeps are 
executed in oral reading compared to silent reading. This 
eye–voice coordination account where readers are monitor-
ing the span between the voice and the eye to ensure it is nei-
ther too narrow nor too wide allows us to make predictions 
regarding how return-sweep spatial (launch and landing 
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positions) and temporal measures (fixation durations adja-
cent to return-sweep saccades) may differ between silent and 
oral reading. Additionally, previous evidence has suggested 
that the EVS decreases towards the end of lines (Buswell, 
1920; Fairbanks, 1937; Quantz, 1897), just before the return-
sweep saccade would be made.

First, oral reading is characterized by shorter saccades and 
higher refixation rates (De Luca et al., 2013; Rayner, 2009), 
likely driven by the ongoing need to allow the voice to catch 
up with the eyes (Laubrock & Kliegl, 2015). Because of this 
speech lag, less attention may be given to upcoming words, 
thus reducing parafoveal processing compared to silent read-
ing conditions. As a result, readers should be less likely to 
skip words. Therefore, words closest to the left and right 
margins should be more likely to receive fixations in oral 
reading compared to silent reading. Furthermore, if read-
ers aim to keep the eyes from travelling far ahead of the 
voice through refixations, the likelihood that fixations will be 
nearer to the left and perhaps, right margin, becomes greater. 
Consequently, identical to return-sweep planning in children 
who have a similar need for foveal inspection (Parker et al., 
2019a, b), we expect return-sweep launch and landing posi-
tions to occur closer to the right and left margin respectively, 
in oral reading compared to silent reading.

Second, since our expectations regarding launch and land-
ing positions mean that readers may aim to target regions 
closer to the left margin, return-sweeps will be planned to 
travel farther in oral reading (thus increasing the susceptibil-
ity to undershoot errors). Therefore, the probability of mak-
ing a corrective saccade should be greater in oral reading. 
This is because the farther the saccade target, the greater 
the probability of an undershoot (Abrams & Zuber, 1972). 
Furthermore, reduced parafoveal processing during reading 
aloud should mean that readers rely more on foveal process-
ing and require more frequent corrective saccades to foveate 
line-initial words.

Third, we would expect fixation durations to be longer 
when reading aloud than when reading silently because the 
need for articulation slows down the oculomotor system. 
More importantly, we expect the increase in fixation dura-
tions associated with reading aloud to be greater for line-
final fixations and accurate line-initial fixations than for 
intra-line fixations, because the system monitoring the EVS 
may use the fixations adjacent to the return-sweep as a natu-
ral pause to allow the voice to catch up with the eyes. Allow-
ing the voice to catch up at the line-final fixation may help 
prevent a costly regression after the return-sweep saccade 
is made either due to a wide EVS at the end of the accurate 
line-initial fixation (Laubrock & Kliegl, 2015) or insufficient 
processing of line-final information. This wait time is par-
ticularly likely because regressions across lines are less com-
mon than regressions within lines (Ehrlich & Rayner, 1983; 
Rayner, 1998). This is especially plausible if fixations prior 

to return-sweeps function to process linguistic information 
(Rayner, 1977), rather than just being concerned with ocu-
lomotor planning (Mitchell et al., 2008). Such regressions at 
line boundaries may have a ripple effect on oral reading flu-
ency and so the oculomotor system may attempt to prevent 
this from happening by modulating fixation durations adja-
cent to the return-sweep. Since return-sweeps launch and 
land about 5–7 characters from both margins (Hofmeister 
et al., 1999; Parker et al., 2019a, b; Rayner, 2009; Slattery 
& Vasilev, 2019), it follows that the intervening number of 
characters between return-sweep launch and landing sites 
may be greater than the average intra-line saccade length 
(10–14 vs 7–9 characters) during silent reading. This differ-
ence would lead to a wide, and potentially obvious EVS at 
the start of the line which the oculomotor system may aim 
to compensate for by increasing wait time at this location. 
Undersweep fixation durations, which are thought to result 
from oculomotor error (Hofmeister et al., 1999; Slattery 
& Parker, 2019), are expected to be unaffected by reading 
modality.

Method

Participants

Forty students (21 female) participated for course cred-
its or £10 compensation. Their average age was 22 years 
(SD = 5.96 years: range 18–45 years). All participants were 
fluent English speakers who reported normal or corrected to 
normal vision and no prior diagnosis of reading disorders. 
All participants were naive as to the purpose of the experi-
ment. The study was approved by Bournemouth University 
Research Ethics Committee (ID 26561).

Materials and design

The reading stimuli consisted of 40 multiline passages 
(see Fig. 1 for an example). On average, stimuli contained 
approximately 11 lines of text (range: 9–12). Each line had 
an average of 64 characters (range: 5–78). The experiment 
had a single factor within subject design with Reading 
Modality (Silent vs. Oral) as the independent variable. The 
data were collected as part of an experiment that examined 
the role of abbreviations on eye movements during oral 
and silent reading. In addition to Reading Modality, this 
within subject design included factors for target Word Fre-
quency and target Abbreviation Type. The target word vari-
ables were not considered for the current analysis.

The assignment of conditions to sentences was counter-
balanced with a full-Latin square design across all partici-
pants. The two reading modalities were blocked, and items 
appeared in a pseudo-random order within each block. Half 
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of the participants read silently first, and the other half read 
aloud first.

Apparatus

Eye movements were recorded with an SR Research Eye-
Link 1000 eye-tracker with sampling frequency of 1000 Hz. 
Although viewing was binocular, only the right eye was 
recorded (except for three participants who had their left 
eye recorded due to tracking problems). Participants’ head 
was held stable using a forehead rest without the chin rest 
to allow for easy articulation while reading aloud. This 
setting was also adopted for the silent reading block. The 
stimuli were presented using a Cambridge Research Systems 
LCD ++ monitor with a 1920 × 1080 screen resolution and 
a 120 Hz refresh rate. The text was formatted in an 18-point 
monospaced Consolas font, which appeared as black let-
ters over a white background. The text was doubled spaced, 
justified to the left and presented in the middle of the screen 
vertically and with a 500-pixel offset horizontally. The eye-
to-screen distance was 80 cm. At this distance, each letter 
subtended ~ 0.32° horizontally.

The experiment was programmed in MATLAB R2014a 
(MathWorks, 2014) using the Psychtoolbox v.3.0.11 (Brain-
ard, 1997; Pelli, 1997) and Eyelink (Cornelissen et al., 2002) 
libraries. The experiment was run on a Windows 7 operating 
system.

Procedure

The experiment began after participants gave written con-
sent and verbal instructions were given. Calibration and 
validation accuracy were kept at < 0.40º and a recalibration 
was done whenever the drift check fell below this level, 
and after every ten trials during the experiment. Partici-
pants were asked to read the passages for comprehension 
either silently or aloud, depending on the instruction that 

appeared before the blocks. The experiment began with 
two practice trials during which participants read silently.

Each item was followed by a multiple-choice compre-
hension question with four options to ensure understand-
ing of the text. Participants clicked the left button of the 
mouse to indicate they had finished reading the text and to 
answer the comprehension questions. The questions were 
either asking for specific information or the general gist 
of the passage. An example question for the item above 
(Fig. 1) is “What affects the likelihood of an attack?”, 
with four options: hardware, corrupt USB devices, careless 
formatting, and suspended firewalls. All participants were 
offered a short break after every ten trials.

Data analysis

Eye movement data were pre-processed using Eye-doctor 
v.0.6.5 (Stracuzzi & Kinsey, 2009) to align vertical fixa-
tions on the correct line and the EMreading R package 
(Vasilev, 2018) software was used to extract fixation data 
for the analysis.

Four measures were analysed when comparing return-
sweeps in oral and silent reading.

1.	 Launch position: The number of characters from the end 
of the line that the return-sweep saccade started.

2.	 Landing position: The number of characters from the 
start of the new line that the return-sweep saccade 
ended.

3.	 Corrective saccade probability: The likelihood that a 
return-sweep saccade is immediately followed by at least 
one additional leftward saccade.

4.	 Fixation durations: The duration of the four distinct 
types of fixations (Parker & Slattery, 2020; Parker et al., 
2019a, b), namely:

Fig. 1   An example paragraph 
used in the experiment
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a.	 Intra-line fixations: those not adjacent to a return-
sweep saccade

b.	 Line-final fixations: those immediately prior to a 
return-sweep saccade

c.	 Accurate line-initial fixations: those immediately 
following a return-sweep saccade given that the 
fixation is followed by a rightward saccade.

d.	 Undersweep fixations: those immediately following 
a return-sweep saccade given that the fixation is fol-
lowed by a leftward corrective saccade.

The data were analysed using the lme4 package v.1.1-21 
(Bates et al., 2015) in R software v.4.0.3 (R Core Team, 
2019). In the launch and landing position models, reading 
modality was a predictor and sum contrast coding was used 
(Oral: 1, Silent: −1). Launch distance (calculated as number 
of characters from the left margin) was centred with mean 
of 0 and was included as a covariate in the landing position 
and corrective saccade probability models. In the fixation 
duration models with Fixation type (Intra-line, Line-final, 
Accurate line-initial & Undersweep) as predictor, treatment 
contrast coding was used, where intra-line fixations were the 
baseline. Fixation durations were log-transformed. A full 
random structure with random slopes and intercepts for par-
ticipants and items was initially applied (Barr et al., 2013). 
The maximal model was trimmed by removing higher order 
interaction terms and components with the least amount of 
variance in the random effects structure successively until 
convergence was achieved. The results were considered as 
statistically significant if the |t| and |z| values were ≥ 1.96. 
Cohen’s d effect sizes are also reported.

Results

All participants achieved at least 70% on the comprehen-
sion questions, indicating that they read the passages for 
meaning (M = 85.3% SD = 35.4% range: 72.5–95%). Com-
prehension accuracy was significantly greater in oral reading 
than silent reading (b = 0.85, SE = 0.16, t = 5.3, p < 0.01). 
Fixations less than 80 ms that occurred within one-character 
space of a temporally adjacent fixation were combined with 
that fixation. Ten trials were removed due to tracking loss 
and accidental button presses (0.37%) and a total of 32 lines 
were removed from trials due to data loss (0.04%). Blinks 
led to the exclusion of 13.74% of fixations. Fixations less 
than 80 ms which were not merged with an adjacent fixation 
(1.41%), fixations greater than 1000 ms (0.35%), or fixa-
tions occurring outside the screen bounds (0.01%) were all 
discarded. These exclusions impacted the different fixation 
types similarly. This left a total of 84.07% of fixations for 
analyses (13,738 return-sweep saccades) which were evenly 
distributed across experimental conditions. Descriptive 

statistics for different measures of oral and silent reading are 
reported in Table 1 for general information as these are not 
part of the statistical analyses. Descriptive statistics related 
to return-sweep saccades are shown in Table 2.

Return‑sweep saccade spatial measures

The results from the (generalized) linear mixed model ((G)
LMM) are shown in Table 3 and illustrated in Fig. 2. There 
was a main effect of reading modality on return-sweep sac-
cade launch position (Cohen’s d = −0.23, 95% CI [−0.53, 
0.08]). When participants read aloud, they launched their 
return-sweeps from closer to the end of the line than when 
they read silently. Furthermore, there was a main effect of 
reading modality on return-sweep saccade landing position 
(Cohen’s d = −0.18, 95% CI [−0.35, −0.01]); return-sweeps 
landed closer to the beginning of the new line during oral 
reading compared to silent reading. When considering the 
main effect of launch distance (i.e., the distance in charac-
ters from the left margin where the return-sweep saccade is 
launched), landing position shifted towards the left margin, 
the closer from the left margin the return-sweep saccade was 
launched, but this was only marginally significant. Similarly, 
there was a marginal two-way interaction between launch 
distance and reading modality.

There was a main effect of reading modality on correc-
tive saccade probability (Cohen’s d = 0.15, 95% CI [−0.03, 
0.32]). The probability that a return-sweep saccade is fol-
lowed by a leftward corrective saccade was greater for oral 
compared to silent reading. There was also a main effect 
of launch distance from the left margin, indicating that 
the greater the launch distance, the higher the probability 
of making a corrective saccade. However, there was no 

Table 1   Mean and standard deviations (in parenthesis) for eye move-
ment measures across oral and silent reading

Saccade length and Return-sweep length are in number of characters
a Progressive saccade length excludes return-sweeps

Measures Oral Silent

Fixation duration 258 (131.51) 226 (99.85)
Single fixation duration 277 (158.15) 234 (109.61)
First fixation duration 271 (156.96) 230 (109.45)
Gaze duration 342 (225.43) 267 (150.05)
Total viewing time 414 (285.88) 324 (234.27)
Progressive saccade lengtha 6.99 (4.32) 8.66 (4.95)
Return-sweep length 57.7 (7.59) 55.1 (9.31)
Skipping probability 0.13 (0.33) 0.23 (0.42)
Regression probability 0.30 (0.46) 0.31 (0.46)
Reading rate (wpm) 156 (23.73) 241 (72.28)
Comprehension accuracy (%) 89.5 (0.31) 81.1 (0.39)
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interaction between launch distance and reading modality 
on corrective saccade probability.

Return‑sweep saccade temporal measures

The LMM results are shown in Table 4 and illustrated in 
Fig. 3. There was a main effect of reading modality as fixa-
tion durations in oral reading were generally longer than dur-
ing silent reading (Cohen’s d = 0.26, 95% CI [0.02, 0.51]). 
Furthermore, the analyses revealed main effects of fixation 
types. Specifically, accurate line-initial fixation durations 
were longer (Cohen’s d = 0.48, 95% CI [0.17, 0.78]) while 
line-final (Cohen’s d = −0.24, 95% CI [−0.52, 0.04]) and 
undersweep (Cohen’s d = −0.96, 95% CI [−0.35, −0.57]) 
fixations were shorter than intra-line fixations. Crucial to 
our hypotheses, we found reading modality by fixation 
type interactions. Compared to the reading modality effect 
on intra-line fixations, the modality effect was marginally 
greater for line-final fixations. However, it was significantly 
greater for accurate line-initial fixations and significantly 

Table 2   Means and standard deviations (in parenthesis) for return-sweep saccade spatial and temporal measures

Launch position was measured in number of characters from the end of the line, landing position in number of characters from the beginning of 
the line and corrective saccades as the probability of making a leftward saccade immediately following the return-sweep saccade

Return-sweep spatial measures Oral Silent

Launch position 3.67 (6.15) 5.17 (6.99)
Landing position 5.69 (4.32) 6.64 (5.53)
Accurate line-initial 2.74 (3.11) 3.71 (3.90)
Undersweep 6.91 (4.15) 8.30 (5.58)
Corrective saccade probability 0.71 (0.46) 0.64 (0.48)

Return-sweep temporal measures Fixation types

Fixation duration (ms) Intra-line 263 (130.79) 231 (99.16)
Line-final 237 (135.81) 204 (105.85)
Accurate line-initial 338 (142.60) 281 (97.08)
Undersweep 152 (55.94) 150 (43.74)

Table 3   (G)LMM analyses 
showing launch position, 
landing position and corrective 
saccades as a function of 
reading modality and launch 
distance

Statistically and marginally significant t/z values are formatted in bold and italics, respectively. Return-
sweep launch distance measured from the left margin was centred to a mean of 0. Model structures for 
dependent measures are shown below:
a Launch position ~ Modality + (1 + Modality | sub) + (1 + Modality | item)
b Landing position ~ Modality* Launch distance + (1 + Modality +| sub) + (1 | item)
c Corr. saccade probability ~ Modality *Launch distance + (1 + Modality + Launch distance | 
sub) + (1 + Launch distance | item)

Fixed effects Launch positiona Landing positionb Corrective saccadesc

b SE t b SE T b SE z

Intercept 4.42 0.26 16.85 6.13 0.42 14.58 0.87 0.15 5.87
Modality −0.75 0.10 −5.81 −0.59 0.14 −4.16 0.13 0.05 2.67
Launch distance 0.07 0.04 1.67 0.14 0.04 3.36
Modality* Launch distance 0.07 0.04 1.66 0.04 0.02 1.60
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Fig. 2   Violin plots with box plots embedded showing the distribution 
of return-sweep saccade launch position and landing position. Centre 
of box plots indicates median, while points indicate the mean
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smaller for undersweep fixations. The size of the under-
sweep modality interaction (−0.023) nearly counters the 
modality main effect (0.024) indicating a lack of modality 
effect for undersweep fixations.

Discussion

The present study investigated how reading modality (silent 
vs. oral) affects return-sweep saccade planning and execu-
tion in adult readers. We found that readers launched their 
return-sweeps from closer to the right text margin and termi-
nated it at a position that is closer to the left text margin of 
the next line during oral compared to silent reading. Addi-
tionally, the probability of making a corrective saccade was 
higher in oral reading compared to silent reading. Finally, 

while we replicated the robust modality effect on fixation 
durations, we also show for the first time that this effect 
was significantly greater for accurate line-initial fixations 
and marginally greater for line-final fixations compared to 
intra-line fixations.

Launch and landing positions closer to the right and 
left text margins, respectively, indicate that the amplitude 
of the return-sweep saccade is longer in oral reading than 
silent reading. During oral reading, articulatory constraints 
on the oculomotor system may limit pre-saccadic atten-
tional shifts to parafoveal words (Pollatsek et al., 2006; 
Rolfs et al., 2011). This view is compatible with reduced 
capacity for parafoveal processing in oral reading com-
pared to silent reading within lines (Ashby et al., 2012; 
Inhoff & Radach, 2014; Pan et al., 2017). Because, line 
boundaries are also influenced by this kind of processing, 
readers may foveate closer to the left and right margins 
to process the letters there. EVS modulation via return-
sweep launch and landing sites may also occur so readers’ 
progressive saccades will span a similar number of char-
acters when moving within lines and across lines. In this 
study, the number of new letters taken in by the visual sys-
tem as evidenced by intra-line progressive saccade length 
was 6.99 and 8.66 characters for oral and silent reading, 
respectively (see Table 1). We can calculate the progres-
sive span of return-sweep saccades by summing the num-
ber of characters to the right of its launch position with 
the number of characters to the left of its landing posi-
tion. Doing this, we see that accurate return-sweeps have 
a progressive span of 6.41 and 8.88 characters for oral and 
silent reading, respectively (see Table 2). This indicates 
that roughly the same number of characters were avail-
able for processing between fixations for both intra-line 
and return-sweep saccades. Essentially, reading modality 
influenced the progressive movement of the eyes in the 
text similarly for intra-line and return-sweep saccades. 

Table 4   LMM analyses showing fixation durations as a function of 
reading modality and fixation types

Statistically and marginally significant t/z values are formatted in bold 
and italics, respectively
a log10(Fixation duration) ~ Fixation type * Modality + (1 | sub) + (1 | 
item)

Fixed effects Fixation durationa

b SE t

Intercept 2.3542 0.0061 386.0729
Modality 0.0241 0.0004 56.7387
Accurate line-initial fixation 0.0993 0.0026 38.1943
Line-final fixation −0.0640 0.0015 −42.2308
Undersweep −0.1909 0.0018 −104.4191
Modality: accurate line-initial 

fixation
0.0075 0.0026 2.8968

Modality: line-final fixation 0.0029 0.0015 1.8967
Modality: undersweep fixation −0.0233 0.0018 −12.7636

Fig. 3   Split violin plots with 
box plots embedded show-
ing the distribution of fixation 
durations by reading modal-
ity and fixation types. Centre 
of box plots indicates median 
while points indicate the mean. 
Y-axis limit was set at 600 ms 
for graphical purposes as upper 
bound in analyses was 1000 ms
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Overall, these results are consistent with the proposition 
that oral reading may be a less risky reading strategy com-
pared to silent reading, because words are skipped less 
often (McGowan & Reichle, 2018; McGowan et al., 2014; 
Rayner et al., 2006).

Early research suggested that the distance from which a 
return-sweep is launched may influence its landing position. 
Though no inferential statistics were presented, Hofmeister 
et al. (1999) showed that the mean launch and landing posi-
tions of return-sweeps shifted rightwards with increasing 
line length. We found a marginally significant launch dis-
tance effect on landing positions in this direction. Addi-
tionally, we found a marginal interaction between launch 
distance and reading modality. As launch site shifted to the 
left, so did the landing site for reading aloud but this rela-
tionship was largely absent for silent reading. Examining the 
scatterplot for this model revealed that this interaction may 
have been driven by three cases of shallow return-sweep sac-
cades (i.e., return-sweeps that launched and landed towards 
the middle of lines) in the silent reading condition. Removal 
of those cases resulted in no interaction between reading 
modality and launch distance as well as a statistically sig-
nificant main effect of launch distance on landing positions. 
Such an influence may mirror inconsistencies found with 
launch distance effects on return-sweeps (see Slattery & 
Vasilev, 2019; Vasilev et al., 2021). Considering these, more 
research is needed to clarify the influence of launch distance 
on return-sweep landing positions in skilled adult reading.

While the launch distance effect on landing position was 
marginal, the launch distance effect on corrective saccade 
probability was significant. The greater the distance from 
the left margin the return-sweep saccade was launched, the 
greater the probability of making a corrective saccade. This 
agrees with what has been found with previous research 
(Hofmeister et al., 1999; Slattery & Vasilev, 2019; Vasi-
lev et al., 2021) and reflects the fact that undershoots are 
increasingly likely to occur the farther away the eyes are 
from the saccade’s target location.

Reading modality also significantly influenced corrective 
saccade probability, which was higher in oral compared to 
silent reading. This result is similar to the finding that chil-
dren are more likely to initiate such corrective leftward sac-
cades than adults, presumably to enable more precise foveal 
encoding of words at line extremities (Parker et al., 2019a, 
b). Despite the tendency to foveate closer to the left margin 
at the start of a new line when reading aloud, our readers 
nevertheless made more corrective leftward saccades in this 
condition. This may be explained by assuming that readers 
target an area closer to the left margin when reading aloud to 
enable foveal processing of line-initial characters, resulting 
in longer intended saccades and, therefore, increased sac-
cadic error (McConkie et al., 1988). This increased saccadic 
error would then result in an increased need for corrective 

leftward saccades (Slattery et  al., in preparation). The 
increase in corrective saccade probability may also modulate 
the eye–voice span as readers may be more likely to initiate 
a corrective saccade if the EVS at the end of the last fixation 
on the line was wide. In this way, corrective saccades may 
serve a similar function as regressions in modulating the 
EVS (Laubrock & Kliegl, 2015).

A considerable amount of work has shown that fixa-
tion durations are longer when reading aloud compared to 
when reading silently (Anderson & Swanson, 1937; Krie-
ber et al., 2017; Laubrock & Kliegl, 2015; Rayner, 2009; 
Vorstius et al., 2014). Our results are clearly consistent 
with these studies. This suggests that the oculomotor sys-
tem may delay progressive saccade generation to prevent a 
wide EVS (Inhoff et al., 2011; Laubrock & Kliegl, 2015). As 
in previous return-sweep studies, we found that compared 
to intra-line fixations, line-final and undersweep fixations 
were shorter and accurate line-initial fixations were longer 
(Abrams & Zuber, 1972; Heller, 1982; Hofmeister et al., 
1999; Parker et al., 2019a, b, 2020; Rayner, 1977). How-
ever, what remained unknown was how the reading modality 
effect may differentially influence fixations adjacent to the 
return-sweep. We hypothesized that the increase in fixation 
durations in oral compared to silent reading would be greater 
for line-final fixations and accurate line-initial fixations 
compared to intra-line fixations due to EVS coordination 
at line boundaries. As expected, the reading aloud cost was 
significantly greater for accurate line-initial fixation dura-
tions (57 ms) and marginally greater for line-final fixations 
(33 ms) during oral reading when compared to intra-line 
fixations (32 ms). The implication of this finding is that the 
oral reading cost, while pervasive throughout the text being 
read, was greater around return-sweeps (particularly after 
them), suggesting that these fixations offer a suitable oppor-
tunity for EVS modulation.

The fixations intervening between the return-sweep and 
corrective saccade has been called undersweep fixations 
(Parker et al., 2017, 2020). Whether or not these fixations 
are involved in ongoing linguistic processing has been a sub-
ject of recent research (Parker et al., 2020; Slattery & Parker, 
2019). Our results reveal that the reading modality effect was 
absent for undersweep fixations (2 ms). This is in line with 
the proposition that these fixations result from oculomotor 
error (Hofmeister et al., 1999; Slattery & Parker, 2019). The 
implication of this finding is that undersweep fixations are 
not sensitive to the additional articulatory demands of oral 
reading nor the modulation of the EVS.

In summary, the fixation duration results suggest that 
the fixations around return-sweeps (line-final and accu-
rate line-initial fixations) may offer a natural pause in 
the acquisition of new linguistic information and may 
modulate the EVS during oral paragraph reading. The 
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coordination of the eye and voice causes a reliance on 
foveal processing rather than parafoveal processing in 
oral reading which reflected in the launch position, land-
ing position and corrective saccade probability results. 
It is apparent that oral reading imposes restrictions on 
eye movements not only because of the time required to 
articulate words but also the time allocated to articulatory 
pauses (Godde et al., 2021). These pauses are essential 
not just for intelligible speech production (Quantz, 1897) 
but also physiologically, articulation occurs mostly during 
periods of exhalation and not inhalation (Huey, 1908). Par-
agraph reading involves the integration of meaning across 
multiple sentences and lines (Cook & Wei, 2019). While 
longer fixation pauses are made at sentence boundaries due 
to sentence wrap up effects (Kuperman et al., 2010; Tiffin-
Richards & Schroeder, 2018), intermittent pauses are also 
made by the articulatory system at phrase units, sentence 
boundaries and punctuation marks during oral reading. In 
addition to this, we propose that, during oral reading, the 
oculomotor system may also use line boundaries, as pause 
points to ensure a reasonable EVS. Although, it could also 
be that reading tasks that generally require more attention 
to word processing, such as oral reading, may cause sac-
cade generation at the start and end of lines to be delayed. 
To explore the plausibility of this and increase our under-
standing of return-sweeps, future research may seek to 
compare the influence of different reading tasks varying in 
cognitive demands (e.g., skimming, proofreading or read-
ing while listening; Valentini et al., in preparation), on 
return-sweep saccade execution and targeting.
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