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Parafoveal degradation during
reading reduces preview costs only
when it is not perceptually distinct
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Abstract

There is a growing understanding that the parafoveal preview effect during reading may represent a combination of
preview benefits and preview costs due to interference from parafoveal masks. It has been suggested that visually degrading
the parafoveal masks may reduce their costs, but adult readers were later shown to be highly sensitive to degraded
display changes. Four experiments examined how preview benefits and preview costs are influenced by the perception of
distinct parafoveal degradation at the target word location. Participants read sentences with four preview types (identity,
orthographic, phonological, and letter-mask preview) and two levels of visual degradation (0% vs. 20%). The distinctiveness
of the target word degradation was either eliminated by degrading all words in the sentence (Experiments la—2a) or
remained present, as in previous research (Experiments |b—2b). Degrading the letter masks resulted in a reduction in
preview costs, but only when all words in the sentence were degraded. VWhen degradation at the target word location
was perceptually distinct, it induced costs of its own, even for orthographically and phonologically related previews. These
results confirm previous reports that traditional parafoveal masks introduce preview costs that overestimate the size of
the true benefit. However, they also show that parafoveal degradation has the unintended consequence of introducing
additional costs when participants are aware of distinct degradation on the target word. Parafoveal degradation appears
to be easily perceived and may temporarily orient attention away from the reading task, thus delaying word processing.
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Skilled readers acquire information not only from the cur-
rently fixated word but also from the upcoming word in
parafoveal vision. When readers can preview the upcom-
ing word, recognition times are faster once this word is
fixated compared to when such preview is denied (the so-
called parafoveal preview effect;' Rayner, 1998, 2009;
Schotter et al., 2012). This preview gives readers a head
start by allowing them to initiate the processing of the next
word before it is directly fixated (Reichle & Reingold,
2013). The preview effect is usually studied with the
boundary paradigm (Rayner, 1975), where an invisible
boundary is placed before a target word in the sentence.
Once participants’ gaze crosses the boundary, the parafo-
veal preview changes to the actual target word. The pre-
view effect is then calculated by subtracting fixation
durations after valid preview from fixation durations after
invalid preview when the word is masked (e.g., by a ran-
dom string of letters).

While the preview effect is highly reliable, there is a
growing understanding that it may represent a mixture of
preview benefits and preview costs (Hutzler et al., 2013,
2019; Kliegl et al., 2013; Marx et al., 2015; Vasilev &
Angele, 2017). Because boundary experiments typically
require an invalid preview condition in which the parafo-
veal word is masked, such masking may introduce pro-
cessing costs that overestimate the size of the true benefit.
Therefore, the measured effect may consist of benefits due
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to pre-processing the valid preview and costs due to inter-
ference from the parafoveal mask during invalid preview.

Recent research has suggested that degrading the invalid
preview mask may reduce its costs (Marx et al., 2015), but
adult readers often notice such degraded display changes
(Findelsberger et al., 2019; Vasilev et al., 2018). In the pre-
sent research, we investigated how preview benefits and
preview costs are influenced by the awareness of distinct
degradation changes occurring at the target word location.
In addition, we explored for the first time how degradation
may affect parafoveal previews that are phonologically
(Experiment 1) or orthographically (Experiments 1-2)
related to the target word.

Preview benefits during reading

Research using the boundary paradigm has explored what
type of linguistic information readers obtain parafoveally
(see Schotter et al., 2012 for a comprehensive review). For
example, it is well-established that English readers acquire
useful information from orthographic previews (e.g.,
Balota et al., 1985; Drieghe et al., 2005; Rayner, 1975).
The orthographic preview effect is measured as the differ-
ence in fixation durations between a preview that is ortho-
graphically similar to the target and a preview that is
orthographically dissimilar to the target. Its typical size is
around 20 to 50ms. However, while this effect is inter-
preted as a benefit from having access to the correct letters
in the parafovea, it is also consistent with a cost associated
with activating the incorrect letters in the parafovea.

There is also evidence for a phonological preview effect
in English (Bélanger et al., 2013; Blythe et al., 2018;
Chace et al., 2005; Leinenger, 2019; Pollatsek et al., 1992).
However, measuring this effect is complicated by the over-
lap between orthography and phonology in English.
Therefore, the phonological preview effect requires the
comparison with an orthographic control, which will inev-
itably share at least some phonemes with the phonologi-
cally similar preview. Because of this, phonological
preview effects in English tend to be smaller than ortho-
graphic ones and have been estimated to be about 5ms on
average (Vasilev, Yates, & Slattery, 2019). Fitzsimmons
and Drieghe (2011) also studied the parafoveal processing
of phonology by manipulating the number of syllables of
the parafoveal word. They reported that monosyllabic
words were skipped more often than disyllabic words,
which was interpreted as evidence that readers extract pho-
nological syllabic information early on parafoveally.
However, a more recent, higher power replication of this
study failed to find the same result, even after taking into
account individual differences in reading and spelling abil-
ity (Drieghe et al., 2019).

The preview effect is usually assumed to reflect the
activation of abstract letter and/or phonological codes
(Rayner et al., 2003). For example, using AlTeRnAtInG

text, Rayner et al. (1980) demonstrated that preview effects
are not based on purely visual information. They found
that fixation durations did not differ between trials where
the case of all letters changed and trials where the case of
no letters changed (see also Slattery, Angele, & Rayner,
2011). They argued that preview effects are due to the pro-
cessing of abstract letter identities which are case and font
independent. However, research has also shown that letter
case can have a profound impact on the way that parafo-
veal information is processed to create preview effects.
Slattery, Schotter, et al. (2011) examined preview effects
for capitalised abbreviations (e.g., NASA) which were
embedded either in normal lowercase sentences or in all-
uppercase sentences. They found that the pattern of pre-
view effects depended on whether the abbreviations were
visually distinct (i.e., in lowercase sentences) or visually
indistinct (i.e., in uppercase sentences). This demonstrates
that readers can alter their parafoveal processing based on
the awareness of visually distinct areas of text, which has
important implications for the incremental boundary para-
digm (Marx et al., 2015) and the specific way in which it is
experimentally implemented.

Preview costs during reading

White et al. (2005) were one of the first to directly exam-
ine how awareness of display changes may influence the
results from boundary studies. They reported that only par-
ticipants who did not notice display changes showed a
foveal load effect (Henderson & Ferreira, 1990). The
foveal load effect refers to the finding that when foveal
processing difficulty is high (such as when fixating a low-
frequency word), readers obtain less information from the
parafoveal word due to a decrease in the available atten-
tional resources. In addition, preview effects were larger
for participants who noticed the changes. White et al.
(2005) argued that the larger preview effects may occur
because participants who noticed the display changes “. . .
were aware of the difference between the preview and the
target [word] (p. 895).” Therefore, display-change aware-
ness may inflate fixation durations due to the detection of
perceptually salient changes in the text.

More recently, Veldre and Andrews (2018) found evi-
dence for a foveal load effect only when the invalid pre-
view condition consisted of an orthographically illegal
random letter string (Experiment 2), but not when it con-
sisted of an unrelated word (Experiment 1). In addition,
the foveal load effect in Experiment 2 was accompanied
by a significant parafoveal-on-foveal effect of the random
letter string. Importantly, however, the evidence for a
foveal load effect in their Experiment 2 was constrained
only to participants with higher awareness of display
changes. Veldre and Andrews (2018) interpreted these
results as indicating that “the interaction between foveal
load and preview effects that has traditionally defined the
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‘foveal load effect’ may be predominantly due to the pre-
view cost caused by orthographically illegal previews”
(p-88).

Slattery, Angele, and Rayner (2011) later investigated
readers’ sensitivity to detecting boundary changes using a
dual-task signal-detection paradigm. They reported a sig-
nificant relationship between the sensitivity to detecting a
boundary change and the proximity of the pre-boundary-
change fixation to the invalid preview. When the fixation
immediately prior to the display change was closer to the
invalid preview, readers were more likely to indicate that
they noticed the change. Furthermore, Angele et al. (2016)
used the same paradigm and found that detecting display
changes led to inflated fixation durations on the target
word. Therefore, these studies suggest that noticing dis-
play changes can introduce “awareness” costs that can
influence fixation durations.

The possibility that invalid masks may introduce pre-
view costs was first suggested by Kliegl et al. (2013). They
re-analysed data from McDonald (2006) and reported that
gaze durations (GDs) following invalid letter masks were
longer when the previous fixation was located closer to the
boundary, as opposed to when it was located further away.
Because the visibility of the letter mask increases with
greater proximity to the boundary, Kliegl et al. (2013)
argued that the longer GDs may be due to interference
from processing the random letters in the mask.
Interestingly, however, these data mirror to some extent
those of Slattery et al. (2011), who found that display-
change awareness increased when the pre-target fixation
landed closer to the boundary. Therefore, the increase in
GD in Kliegl et al.’s (2013) study could have also been
related to readers’ awareness of the display changes.

Further evidence that parafoveal masks may cause
interference was provided by Hutzler et al. (2013). They
analysed fixation-related brain potentials in a task where
participants had to read a list of five words and indicate
whether the last word (i.e., the target) had previously
appeared in the list or not. Hutzler et al. (2013) reported
that X-mask previews of the target led to a delay in word
processing, which was interpreted as evidence that the
mask interfered with foveal word recognition.

More recently, Vasilev and Angele (2017) conducted a
meta-analysis of boundary experiments and investigated
how the size of preview effects changes as a function of
the invalid preview baseline. If the preview effect is not
influenced by the choice of baseline, all invalid masks
should yield the same effect size. However, if some masks
yield larger effects than others, this would indicate that
they introduce additional interference costs. Vasilev and
Angele (2017) found that the preview benefit increased in
size as the invalid preview became less “word-like”—it
was smallest for unrelated word previews and largest for
X-mask previews. Even so, the difference did not amount
to more than several milliseconds in first-pass measures.

The first more direct test of preview costs was done
with the incremental boundary technique (Findelsberger
et al., 2019; Gagl et al., 2014; Hutzler et al., 2019; Marx
et al., 2015, 2016, 2017). In this technique, the clarity of
the parafoveal preview is gradually reduced by adminis-
tering increasing levels of visual degradation. If readers
obtain benefit from the upcoming word, this benefit will
decrease with the reduction in clarity until the valid pre-
view is degraded to such an extent that no further infor-
mation can be extracted. This method circumvents the use
of invalid masks and has been argued to estimate “the
absolute size of preview benefits” (Hutzler et al., 2019, p.
23). It is worth noting that the valid preview in such stud-
ies is still “masked,” in the sense that it is visually
degraded up to the point where no more processing can
occur. Therefore, both the classical boundary paradigm
and the incremental boundary paradigm involve some
type of masking. However, the difference is that the mask-
ing does not occur at the level of letter identities (as with
invalid masks), but at a lower perceptual level that affects
the visual input quality.

The same degradation method can also be applied to
invalid masks to study the preview costs associated with
them. When the mask is increasingly degraded, its interfer-
ence should gradually decrease due to the reduction of its
clarity, thus leading to a decrease in preview costs. Once
the mask is degraded to such an extent that it can no longer
be processed, the cost associated with it should disappear.
Therefore, degrading both the valid preview and the inva-
lid mask should eventually converge to the same baseline
where the preview is too degraded for any parafoveal pro-
cessing to occur (see Figure la). Hutzler et al.’s (2019)
results suggest that this may occur at around 20% of deg-
radation. Therefore, in this paradigm, the “pure” preview
benefit is given by the difference between the degraded
valid and non-degraded valid condition and the “pure” pre-
view cost is given by the difference between the non-
degraded mask and the degraded mask condition.

Marx et al. (2015) were first to show direct evidence for
preview costs with the incremental boundary technique. In
their study, 4th- and 6th-grade children read sentences in
German with three preview conditions (valid, same-shape
letter mask, and X-mask). In addition, the target word pre-
view and the remaining sentence were visually degraded in
three levels: 0%, 10%, and 20%. Marx et al. (2015)
reported that first-pass fixation durations following invalid
masks decreased with increasing degradation. Because
degradation reduces the clarity of the invalid masks (and
thus their potential to cause interference), their results sug-
gest that commonly used masks may overestimate how
much benefit readers obtain from the parafoveal word.

Hutzler et al. (2019) subsequently replicated this result
in a naming study with adult readers. In their Experiment 2,
naming latencies following a letter-mask preview of the
target word decreased with increasing degradation, thus
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Figure I. An illustration of the main prediction. When all words are degraded in Experiments la—2a (a), the distinctiveness of the
target word degradation is removed because no special changes occur there. Therefore, degrading the letter mask should result

in shorter fixation durations (reduction in preview cost) and degrading the valid preview should result in longer fixation durations
(reduction in preview benefit). However, when degradation begins at the target word location in Experiments I1b—2b (b), there is a
cost due to distinct degradation that is specific to the target word. This cost should inflate fixation durations and thus conceal the

otherwise expected reduction in preview costs from the mask.

replicating the evidence for a reduction in preview costs by
Marx et al. (2015). Interestingly, in their Experiment 4,
Hutzler et al. (2019) failed to extend the same result to nat-
ural reading as GDs on the target word following a letter-
mask preview did not decrease with greater degradation.
Nevertheless, Hutzler et al. (2019) found this effect on the
pre-target word, thus demonstrating a reduction in parafo-
veal-on-foveal effects caused by the letter mask.

Vasilev et al. (2018) also attempted to replicate Marx
etal.’s (2015) result in a sample of adult English readers. In
Experiment 1, they failed to find conclusive evidence for a
reduction in preview costs by administering increasing lev-
els of degradation to letter-mask previews. However, many
participants reported awareness of degraded display
changes. In Experiment 2, this awareness was explicitly
investigated using the display-change detection paradigm
(Angele et al., 2016; Slattery, Angele, & Rayner, 2011).
The results showed that participants were highly sensitive
to degraded display changes, regardless of whether an inva-
lid preview mask or the valid preview of the target word
was degraded. The relatively high awareness of degraded
display changes was also recently shown in a study with
adult readers of German (Findelsberger et al., 2019). In
summary, there is mixed evidence that preview costs can be
reduced by administering visual degradation. However, as
degradation is easily detectible, the mixed evidence could
be due to participants’ high sensitivity to distinct degrada-
tion changes occurring at the target word location.

Present research

Previous research has suggested that there are two factors
related to parafoveal masking that can influence the results
from boundary experiments. On one hand, invalid letter

masks may introduce preview costs (i.e., interference) that
can overestimate the size of the true benefit (Hutzler et al.,
2019; Marx et al., 2015). On the other hand, display
changes occurring during invalid previews may also intro-
duce “awareness” costs if readers frequently notice them
(Angele et al., 2016; Vasilev et al., 2018; see also White
et al., 2005). The existence of preview costs has important
implications for reading research, as parafoveal processing
plays an integral part in most eye-movement models of
reading (e.g., Engbert et al., 2005; Reichle et al., 1998;
Snell et al., 2018). Because such models are evaluated
against studies that have used invalid masks, it is impor-
tant to reliably show the existence and likely magnitude of
preview costs.

Marx et al.’s (2015) incremental boundary technique is
very useful for this purpose as it makes it possible to
experimentally reduce the costs associated with invalid
masks, thus proving their existence. However, one unin-
tended consequence of this technique is that adult readers
are often aware of the parafoveal degradation used in such
studies (Findelsberger et al., 2019; Vasilev et al., 2018). In
this paradigm, degradation always starts at the target word
location and continues all the way to the end of the sen-
tence. However, because the target usually appears some-
where in the middle of the sentence, this creates two
different parts of the text: while the first half (before the
target) appears normally without any degradation, the sec-
ond part contains visually distinct degradation that starts at
the target word location. Critically, once the target word
boundary is crossed, all degradation disappears as the dis-
play-change boundary is in the same text location as the
distinct degradation boundary. Therefore, if there is a pro-
cessing cost associated with noticing the distinct degrada-
tion and/or boundary-change starting at the target word,
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this would be reflected in longer fixation durations on the
target. We hypothesised that this additional cost (hence-
forth, “distinct degradation cost”) may confound any
attempts to reduce the preview costs of invalid masks and
explain some of the mixed results.

The main goal of this research was to test how the dis-
tinctiveness of target word degradation influences preview
benefits and preview costs. In two experiments, we manip-
ulated what part of the sentence was degraded to make the
target word degradation either perceptually distinct or not
distinct. In Experiment 1a, we modified the original incre-
mental boundary technique by visually degrading all
words in the sentence prior to their fixation. Because the
target was just another word in the sentence, this effec-
tively eliminated the distinctiveness of the target word
degradation and concealed any special changes happening
there. In other words, participants were aware of the pres-
ence of degradation across the whole sentence, but did not
perceive any special changes at the target word location. In
Experiment 1b, we used the original incremental boundary
paradigm where target word degradation is perceptually
distinct because only the target word and the remaining
sentence are degraded. This effectively highlights degraded
previews because they occur only in the second part of the
sentence. To be clear, participants in both experiments are
aware of degradation changes happening at the target word
location. However, the critical difference is that in
Experiment 1a the target word degradation is not distinct
because all words are degraded and thus the presence of
degradation is “normal.” Experiment 2a and 2b attempted
to replicate the key results from Experiment la and 1b,
respectively.

We expected to observe a reliable reduction in preview
costs only with the modified incremental boundary para-
digm where the distinctiveness of target word degradation
is eliminated (Experiments la and 2a) but not with the
original paradigm where target word degradation is per-
ceptually distinct (Experiments 1b—2b). This is because
the awareness of distinct target word degradation in
Experiments 1b—2b was expected to add additional costs
(see Vasilev et al., 2018) that would inflate fixation dura-
tions and thus conceal the reduction in preview costs from
the degraded mask. This is illustrated in Figure 1. A sec-
ondary goal was to investigate how parafoveal degradation
and display-change awareness may affect non-word pre-
views that are orthographically or phonologically similar
to the target. This is important as previous research has
only considered how degradation may affect previews that
are either completely valid or completely invalid.

Experiment la

Experiment 1a tested whether the preview costs associated
with letter masks can be reduced by visually degrading
them when the distinctiveness of target word degradation
is eliminated. To do this, we modified the incremental

boundary paradigm by degrading all words in the sentence
and placing an invisible boundary before each word. Once
each boundary was crossed, the degraded preview was
permanently replaced by the undegraded word. This elimi-
nated the distinctiveness of the target word degradation/
change because all words in the sentence had the same
degradation/change. Therefore, there was nothing unusual
at the target word location that participants would perceive
as different or distinct.

This manipulation bears some resemblance to
Warrington et al.’s (2018) Experiment 2, where all words
were presented in a lower contrast before their fixation by
placing an invisible boundary before each word. However,
Warrington et al.’s (2018) experiment focused on how the
reduced contrast affects the amount of parafoveal process-
ing that occurs in readers of different age groups. As such,
it is not informative of whether a similar manipulation can
hide the distinctiveness of target word degradation
changes. Therefore, Experiment 1a is the proof of concept
of whether such a manipulation would work.

The experiment used a 2 X 4 within-subject design
with parafoveal degradation (0% vs. 20%) and preview
type (valid, orthographic, phonological, letter mask) as the
factors. We predicted an interaction between the preview
effect (valid vs. letter-mask preview) and degradation.
This was because we expected a decrease in fixation dura-
tions when letter masks are degraded (reduction in costs)
and increase in fixation durations when valid previews are
degraded (reduction in benefit; see Figure 1a). In addition,
we expected that degrading the orthographic and phono-
logical previews should reduce the amount of benefit that
readers obtain from them similar to the valid preview con-
dition in Figure 1a. This should also result in an interaction
between each of the two effects and degradation.

Method

Participants. Sixty-four? Bournemouth University students
participated for course credit or a payment of £5 (50
females). Their mean age was 19.8years (SD=2.1years;
range: 18-32years). Participants were native speakers of
British English who reported normal or corrected-to-nor-
mal vision and no prior diagnosis of reading disorders.
Participants were naive as to the purpose of the experi-
ment. Ethical approval for the study was obtained from the
Bournemouth University Research Ethics Committee
(protocol No. 14059). All participants provided informed
written consent.

Materials and design. The stimuli consisted of 80 English
sentences (see Figure 2 for an example and Supplementary
Material 2 for all the stimuli). Their length was 14.3 words
on average (range: 10—17 words). In each sentence, there
was a target word whose parafoveal preview was manipu-
lated using the boundary technique (Rayner, 1975). The
target word was 4.78 letters long on average (SD=0.62;
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Figure 2. An illustration of the gaze-contingent manipulation in the modified incremental boundary paradigm where all words in
the sentence are degraded (Experiments la and 2a). In each panel, the rectangle shows the sentence reading condition and the small
square shows the parafoveal preview manipulation on the target word (“hurt”). Vertical dotted lines indicate the invisible boundary
before each word. In the degraded condition (a), each word was visually degraded before it was fixated. Upon crossing a boundary
located before each word in the sentence, the word changed from degraded to non-degraded and remained non-degraded for the

rest of the trial. In the non-degraded condition (b), only the parafoveal preview of the target word was manipulated (i.e., this is

identical to Rayner’s (1975) classical boundary paradigm). For all other words, no visual change occurred on the screen. Note that

the phonological preview condition was removed from Experiment 2a.
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range: 4—6 letters). The position of the target word in the
sentence was varied, but it was never one of the first or last
two words in the sentence (mean position: 7.6 words). The
pre-target word was 5.7 letters long on average (SD=1.29
words; range: 4-8 words). All target words were single-
syllable words.

There were two within-subject factors that were crossed
in the experiment: target word preview (valid, phonologi-
cal, orthographic, letter mask) and parafoveal degradation
(all words degraded prior to their fixation vs. no words
degraded prior to their fixation). The four target word pre-
view conditions are shown in Figure 2. In the valid condi-
tion, the preview was the target word itself and no visible
change occurred on the screen. In the phonological and
orthographic preview conditions, a pseudo-homophone
(PH) and pseudo-word (PW) orthographic control were
selected for each target word from the ARC non-word
database (Rastle et al., 2002). The PH served as the phono-
logical preview of the target word and the PW served as
the orthographic preview. Both types of non-words were
pronounceable and contained no illegal bigrams. The PHs
and PWs were matched exactly to each other and to the
target word on number of letters (M=4.77) and number of
phonemes (M=3.41). In addition, the PH and PW masks
did not differ significantly on the number of orthographic
neighbours, PH: M=4.28; PW: M=4.13; #152.7)=0.31,
p=.75, or phonological neighbours, PH: M=14.28; PW:
M=13.7; ((157.7)=0.44, p=.65. Both neighbour types
were obtained from the ARC non-word database (Rastle
et al., 2002). Finally, in the letter-mask preview condition,
a pseudo-randomly generated string of letters was used.
Each letter in the mask was matched in terms of ascenders
and descenders to the target word. The letter masks were
generated in the same way as in Vasilev et al. (2018).

In the parafoveal degradation manipulation, all words
in the sentence were either degraded or not degraded prior
to their fixation (see Figure 2). In the degraded condition,
every word was visually degraded until participants
crossed an invisible boundary located just before that
word. Once each boundary was crossed, the word perma-
nently changed from degraded to non-degraded. The
degraded stimuli were created with the same script used by
Marx et al. (2015). In their study, Marx et al. (2015) per-
formed visual degradation by randomly exchanging black
and white pixels in the stimuli image. A visual degradation
level of 20% was chosen for comparability with previous
studies (Marx et al., 2015; Vasilev et al., 2018). Recent
research has shown that this level of degradation com-
pletely prevents the processing of valid preview informa-
tion from the parafovea (Hutzler et al., 2019). In the
non-degraded condition, all words appeared normally and
without any degradation. Note that the non-degraded con-
dition is equivalent to the classical boundary paradigm
(Rayner, 1975) because visible display changes occurred
only on the target word.

Apparatus. Participants’ eye movements were recorded
with an EyeLink 1000 eye-tracker at a sampling frequency
of 1,000Hz. The resolution noise was <<0.01° and the
velocity noise was <0.5° on average. Viewing was binoc-
ular, but only the right eye was recorded. A head rest was
used to minimise head-movement artefacts in the data. The
experiment was programmed in EyeTrack v.0.7.10h
(Stracuzzi, 2004) and was run on a PC with a Windows XP
operating system.

The sentences were displayed on a 20" liyama Vision
Master Pro 510 monitor with a screen resolution of 1,024
X 768 pixels and a refresh rate of 150 Hz. The sentences
were formatted in a bold, monospaced font (“Courier”)
and appeared as black text over white background. Each
sentence appeared on a single line in the middle of the
screen. The width of each letter was 11 pixels. The dis-
tance between the eye and the monitor was 65cm. At this
distance, each letter subtended approximately 0.36° per
visual angle.

Procedure. Participants were tested individually in a ses-
sion that lasted for about 20—30 minutes. Participants were
instructed that some of the sentences may appear a bit
“fuzzy,” but that they should try to ignore that and read
them as normally as possible. The experiment started with
a 3-point horizontal calibration. The calibration error was
then monitored with a drift check before each trial and was
kept at <0.30° throughout the experiment. The calibration
procedure was repeated whenever necessary to maintain
this level of accuracy.

The experiment started with six practice trials (half of
them presented in the degraded preview condition and the
remaining half in the non-degraded preview condition).
The experimental trials were then presented in a pseudo-
random order. Before the start of each trial, a black gaze
box was presented at the location of the first letter in the
sentence (50 pixels from the left margin of the screen).
Once a stable fixation inside the gaze box was detected,
the box disappeared, and the sentence was presented on
the screen. An invisible boundary (Rayner, 1975) was
located at the first pixel of the empty space immediately
preceding each word. Once the gaze position of the eye
moved to the right of each boundary, the parafoveal pre-
view changed to the actual target word. Display changes
were completed on average within 6.22ms of the eye
crossing the invisible boundary (SD=1.05ms). Forty per-
cent of the sentences were followed by a “Yes/No” com-
prehension question. For example, in the sentence “The
reporter announced that no people were hurt in the car
accident this morning.,” the comprehension question was
“Were any people injured in the accident? Yes/No.”

Data analysis. First fixation duration (FFD), single-fixa-
tion duration (SFD), and GD were analysed as dependent
variables in the target word analyses. FFD refers to the
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duration of the first fixation made on a word. SFD refers to
the fixation duration when the target word is fixated only
once during first-pass reading. GD is the sum of all first-
pass fixations on the target word before moving on to
another word. A few global reading measures were also
analysed to test if the degradation manipulation affected
reading behaviour: sentence reading time, mean fixation
duration, number of fixations, and saccade length. We also
report two post hoc analyses in Supplementary Material 2:
(1) parafoveal-on-foveal effects on the pre-target word and
(2) target word analyses with additional measures (skip-
ping probability, regression-in probability, and regression-
out probability).

Statistical analysis of the data was performed with
(Generalised) Linear Mixed Models ([LMMs] using the
Ime4 package v.1.1-21 (Bates et al., 2014) in R v.3.51 (R
Core Team, 2018). Fixation durations were log-trans-
formed in all models. Random intercepts were added for
both participants and items (Baayen et al., 2008). We first
tried to add random slopes for both independent variables
(Barr et al., 2013), but the models converged only with a
Degradation random slope for subjects (the only exception
was the saccade length model where the random slope had
to be removed). Sum contrast coding was used for the sen-
tence degradation condition (0%: 1; 20%: —1). Custom
contrast coding was used for the parafoveal preview condi-
tion with the following comparisons: valid versus letter-
mask condition (invalid preview effect), orthographic
versus letter-mask condition (orthographic preview effect),
and phonological versus orthographic condition (phono-
logical preview effect). The results were considered statis-
tically significant at the .05 level if the |¢| and |z| values
were =1.96.

Results

All participants had comprehension accuracy greater than
81.2% (M=93.2%; SD=22.9%), thus indicating that they
had no problems understanding the sentences. There were
no significant differences in comprehension accuracy (all
|z]s =< 0.81). After the experiment, participants were shown
a mouse simulation of the display changes and asked to
indicate whether they saw degraded preview changes and
letter changes in the non-degraded trials. We did not distin-
guish between different types of degraded previews
because readers notice only the presence of degradation
and not the specific preview (e.g., valid vs. letter mask)
that is degraded (Vasilev et al., 2018). In the non-degraded
conditions, participants were asked separately about notic-
ing single-letter changes (orthographical and phonological
previews) and whole-word letter changes (letter-mask pre-
views). However, many participants were confused about
which of the two they saw, so these were pooled together
as “letter changes.” All but one participant indicated that
they noticed the parafoveal visual degradation. This was

expected as participants were explicitly told about the
presence of degradation beforehand. In contrast, they were
not informed about the presence of letter changes in para-
foveal vision. Only 12.5% of participants reported notic-
ing such letter changes in the non-degraded sentence
condition.

Fixations shorter than 80ms that occurred within one
letter of another fixation were combined with that fixation.
All other fixations shorter than 80ms were discarded.
Trials with track losses or blinks on the pre-target or target
word were excluded from further analysis (12.5% of the
data). In addition, trials in which the target word boundary
was not crossed in a forward saccade or the display change
was completed after fixation onset of the target word were
also excluded from the data (13.5%). Trials with fixation
durations longer than 800 ms for FFD and SFD or longer
than 1,600 ms for GD were discarded as outliers from all
analyses (0.14%). This left 73.8% of the data for analysis.

Target word. Fixation durations on the target word are
shown in Figure 3 and the LMM results are presented in
Table 1. There was a significant invalid preview effect in all
three measures, which was due to longer fixation durations
following invalid letter-mask previews compared to valid
previews. The orthographic preview effect was also signifi-
cant in all measures, indicating that fixation durations were
shorter after orthographic compared to letter-mask pre-
views. In addition, there was a main effect of degradation in
FFD, which was caused by longer FFDs following degraded
compared to non-degraded previews. As predicted, there
was a significant interaction between invalid preview effect
and degradation in all measures. This was due to an increase
in fixations durations when valid previews were degraded
and a decrease in fixation durations when letter-mask pre-
views were degraded (see Figure 3). As expected, this was
due to a decrease in preview benefit in the valid preview
condition and a decrease in preview cost in the invalid pre-
view condition. In other words, the invalid preview effect
was greater in the non-degraded compared the degraded
condition because it also included preview costs from the
letter mask. The magnitude of the preview cost was 6 ms
for FFD, 15ms for SFD, and 9ms for GD.

The interaction between orthographic preview and deg-
radation was also significant for FFD and SFD. This
reflected a similar relationship: fixation durations increased
when the orthographic preview was degraded (reduction in
orthographic benefit) and decreased when the letter mask
was degraded (reduction in cost). In other words, the
orthographic preview effect was larger in the non-degraded
compared to the degraded preview condition. Nevertheless,
the reduction in orthographic benefit was negligible in
SFD, so the interaction was mostly driven by the reduction
in cost from the letter mask. Interestingly, however, there
was no main effect of phonological preview (i.e., shorter
fixation durations following phonological previews
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Figure 3. Mean fixation durations on the target word in Experiment la (all words degraded) and Experiment Ib (only target and

rest of sentence degraded).

FFD: first fixation duration; SFD: single-fixation duration; GD: gaze duration; valid: valid preview; Phon.: phonological preview; Orth.: orthographical

preview; mask: letter-mask preview.
Shading indicates * 1 SE.

compared to orthographic control previews) or an interac-
tion between phonological preview and degradation.

Global reading behaviour. Because all words were visually
degraded prior to their fixation in the degraded preview
condition, it is important to consider whether this manipu-
lation may have influenced participants’ global reading
behaviour. The descriptive statistics for global reading
measures are presented in Table 2. Sentence reading times

were significantly longer in the degraded compared to the
non-degraded condition (b=-0.03, SE=0.01, t=-5.16).
This was due to participants making more (b=-0.54,
SE=0.1,t=-5.76) and longer fixation durations (b=-0.01,
SE=0.002, t=—4.43) in the degraded compared to the non-
degraded condition. There was no significant difference in
saccade length between the two conditions (6=0.03,
SE=0.03,t=1.15). These results suggest that the degraded
condition led to a mild slowing down of the reading
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Table I. LMM results for fixation durations on the target word in Experiment la.

Fixed effects FFD SFD GD

b SE t b SE t b SE t
Intercept 5.43 0.0l 388.3 5.46 0.02 341.5 5.52 0.02 328.3
Invalid prev. 0.06 0.0l 4.43 0.09 0.0l 6.22 0.12 0.02 7.5
Orth. prev. 0.03 0.0l 2.11 0.05 0.02 3.54 0.07 0.02 4.5
Phon. prev. -0.01 0.0l =71 <-0.01 0.0l -0.14 <0.01 0.02 0.17
Deg -0.01 0.0l -2.14 <-0.01 0.0l -0.54 <-0.01 0.0l -0.54
Invalid prev. X Deg. 0.04 0.0l 2.99 0.05 0.0l 3.43 0.04 0.02 2.58
Orth. prev. X Deg. 0.03 0.0l 1.99 0.03 0.02 1.96 0.01 0.02 0.75
Phon. prev. X Deg. -0.01 0.01 -0.7 <-0.01 0.01 -1 0.02 0.02 1.25
Random effects Var. SD Corr. Var. SD Corr. Var. SD Corr.
Intercept (items) 0.0045 0.0675 0.0063 0.0798 0.0090 0.0951
Intercept (subj.) 0.0072 0.0849 0.0093 0.0965 0.0087 0.0935
Deg (subj.) 0.0004 0.0206 0.58 0.0007 0.0275 0.37 0.0006 0.0246 0.12
Residual 0.0801 0.2828 0.0720 0.2683 0.1025 0.3202

Invalid prev.: invalid preview effect (letter mask vs. valid preview); Orth. prev.: orthographic preview effect (orthographic vs. letter-mask preview);
phon. prev.: phonological preview effect (phonological vs. orthographic preview); Deg.: preview degradation; FFD: first fixation duration; SFD: single-

fixation duration; GD: gaze duration; Subj.: subjects; SE: standard error; SD: standard deviation.

Statistically significant t-values are formatted in bold.

Table 2. Mean descriptive statistics for global reading measures as a function of degradation condition in Experiments | and 2 (SDs

in parenthesis).

Preview Measure
degradation
condition Sentence reading Fixation Number of Saccade length
time (in ms) duration (in ms) fixations (in letters)
Experiment la (all words degraded)
Degraded (20%) 4,300 (1,889) 211 (77) 15.1 (6.33) 8.92 (8.19)
Not degraded 3,990 (1,646) 208 (79) 14 (5.56) 8.97 (8.03)
Experiment b (target and rest of sentence degraded)
Degraded (20%) 4,070 (1,759) 218 (85) 13.8 (5.4) 8.95 (7.87)
Not degraded 3,880 (1,606) 216 (83) 13.3 (5.1) 8.85 (7.54)
Experiment 2a (all words degraded)
Degraded (20%) 3,650 (1,284) 223 (86) 17.2 (3.70) 9.09 (6.96)
Not degraded 3,510 (1,400) 222 (88) 16.9 (3.73) 9.25 (6.99)
Experiment 2b (target and rest of sentence degraded)
Degraded (20%) 3,760 (1,584) 228 (92) 17.2 (4.05) 9.26 (7.47)
Not degraded 3,760 (1,581) 227 (91) 17.1 (4.04) 9.15 (7.46)

In Experiments la and 2a, all words were degraded in parafoveal vision before they were fixated; in Experiments Ib and 2b, only the target word

and the remaining sentence were degraded in parafoveal vision.

process that was characterised by making more fixations
and longer fixation durations.

Discussion

Experiment 1a tested whether a reliable reduction in pre-
view costs can be observed if participants are not aware of
distinct degradation at the target word location. This was
achieved by degrading all words in the sentence prior to
their fixation, thus ensuring that participants did not see
any changes that were unique to the target word itself.

Consistent with our prediction, there was evidence for a
reduction in preview costs, which was shown by a decrease
in fixation durations following degraded compared to non-
degraded letter-mask previews. Therefore, the present
results suggest that the failure to observe a reduction in
preview costs on the target word in adult readers (Hutzler
et al., 2019, Experiment 4; Vasilev et al., 2018) may stem
from the perception of distinct degraded display changes
when the manipulation is not “hidden.”

In addition, Experiment 1a replicated previous research
by showing that degrading the valid preview leads to an
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increase in fixation durations due to a reduction in the
amount of benefit that can be obtained (Findelsberger
et al., 2019; Gagl et al., 2014; Hutzler et al., 2019; Marx
etal., 2015, 2016,2017). Experiment 1a also extended this
result to orthographically related previews by showing that
FFD increased when the orthographic previews were
degraded. Similar to valid previews, this suggests that
there was a reduction in the net benefit from orthographic
previews. However, as this finding was not present in the
remaining two dependent measures, more research is
needed to understand how degradation may prevent the
acquisition of orthographic information.

Interestingly, while Experiment 1a found evidence for
both invalid preview effects and orthographic preview
effects, the phonological preview effect did not reach sig-
nificance in any of the measures. While this is contrary to
some studies showing the existence of the effect (Blythe
etal., 2018; Chace et al., 2005; Leinenger, 2019; Miellet &
Sparrow, 2004; Pollatsek et al., 1992), the numerical dif-
ference was still in the expected direction, at least for GDs.
This is consistent with a recent meta-analysis showing that
the phonological preview effect in English is relatively
small (approx. Sms) and is mostly constrained to GDs
(Vasilev, Yates, et al., 2019).

Finally, there was also a mild change in global reading
behaviour in the degraded preview condition. This
occurred because sentence reading time was approxi-
mately 300ms longer in the degraded compared to the
non-degraded condition. The difference was due to a minor
(3ms) increase in fixation durations and participants mak-
ing, on average, one more fixation per trial. This slow-
down may occur, at least in part, due to participants’
inability to parafoveally pre-process upcoming words.
Because all words were degraded prior to their fixation,
pre-processing was limited by the added visual noise to the
valid preview of these words. Therefore, participants may
have made longer fixation durations to compensate for the
reduced benefit.

Experiment |Ib

Experiment 1a suggested that, by eliminating the distinc-
tiveness of target word degradation, it is possible to reli-
ably reduce the preview costs associated with parafoveal
masks. Nevertheless, Experiment la does not provide
direct evidence that previous studies (Hutzler et al., 2019,
Experiment 4; Vasilev et al., 2018) may have failed to
find a decrease in preview costs due to the presence of
such distinct target word degradation. To test this directly,
we repeated Experiment la, but this time without hiding
the degraded manipulation on the target word. Experiment
1b used the original incremental boundary technique
(Marx et al., 2015) where only the target word and the
remaining sentence were degraded (see Figure 4). This is
identical to the manipulation used in previous studies
(Findelsberger et al., 2019; Hutzler et al., 2019; Marx

et al., 2015, 2016, 2017; Vasilev et al., 2018). Critically,
the parafoveal degradation on the target word in this
manipulation is visually distinct and participants are
often aware of it (Findelsberger et al., 2019; Vasilev
et al., 2018).

We predicted that there will be no reduction in pre-
view costs due to the high awareness of distinct degrada-
tion at the target word location which coincides with the
location of the display-change boundary. In addition,
consistent with the results of Vasilev et al. (2018), we
predicted that degraded previews will introduce “distinct
degradation” costs, which would lead to a general
increase in fixation durations (see Figure 1b). If this is
indeed due to the fact that participants perceived unex-
pected, distinct degradation on the target word, the
increase in fixation durations should occur not only in
letter-mask previews, but also in phonologically and
orthographically related previews. Therefore, we pre-
dicted a main effect of degradation (due to the introduc-
tion of distinct degradation costs), but no interaction with
any of the three preview effects.

Method

Participants. Sixty-four Bournemouth University stu-
dents participated for course credit or a payment of £5
(49 female).> None of them had participated in Experi-
ment la. Their mean age was 20.3 years (SD=2.33 years;
range=18-28 years). The study was approved by the
Bournemouth University Research Ethics Committee
(protocol No. 17135). All participants provided informed
written consent.

Materials, apparatus, and procedure. The method was the
same as Experiment la, except for the following differ-
ences. There was only one boundary located before the tar-
get word (as in the classical boundary paradigm; Rayner,
1975). The four target word preview conditions (valid,
orthographic, phonological, and letter mask) were identical
to Experiment la. However, in the degraded conditions,
only the parafoveal preview of the target word and all
words following the target word were degraded. Therefore,
unlike Experiment 1a, all words prior to the target word
were not degraded and the degradation occurring on the tar-
get word was no longer “hidden.” Once the target word
boundary was crossed, all degraded words changed to non-
degraded (see Figure 4 for an illustration). This manipula-
tion is identical to previous studies (Marx et al., 2015,
2016, 2017; Vasilev et al., 2018). Participants were not told
anything about the manipulation before the experiment and
were simply asked to read for comprehension. Display
changes were completed on average within 6.26 ms of the
eye crossing the invisible boundary (SD=1.17 ms). The sta-
tistical models had a similar random-effects structure: all
models had a random intercept for items and subjects; the
FFD, GD, sentence reading time, and fixation number
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Preview | Before | After
type Bnd | Bnd
Valid  hugt: hurt
Target word preview Phon. ‘mi$t hurt
Orth.  .Hoirf hurt
Mask  E&mk: hurt

The reporter announced that no people were*;:g:‘_‘.rz; rheseav-adéident thig moriiig;
The reporter announced that no people were
The reporter announced that no people were
The reporter announced that no people were

The reporter announced that no people were hurt in the car accident this morning.

The reporter announced that no people were hurt in the car accident this morning.

vhurt Al thesear-addident this moriiig;

shurtan thesewkaddident this morniig;

hurt in the car accident this morning.

Figure 4. An illustration of the gaze-contingent manipulation when only the target word and the remaining sentence are degraded
(Experiments b and 2b). Only the target word (“hurt”) and all subsequent words were degraded. Once the target word boundary
was crossed, all degraded words changed to non-degraded. In the non-degraded sentence condition, reading was the same as in
Experiment la (see Figure 2b). Note that the phonological preview condition was removed from Experiment 2b.

models had Degradation random slope for subjects; SFD
had a Degradation random slope for items. The models did
not converge with any other random slopes.

Results

All participants had comprehension accuracy greater than
81.2% (M=93.8%; SD=21.3%). Valid previews
(M=91.8%; SD=27.5%) led to significantly lower com-
prehension accuracy compared to invalid letter-mask pre-
views (M=95.1%; SD=21.6%), z=2.22,* but there were
no other differences in comprehension accuracy (all
|z]s=<1.2). When asked after the experiment, 85.9% of all
participants reported noticing degraded parafoveal pre-
views and 23.4% of all participants reported noticing non-
degraded letter-mask previews or single-letter changes (in
the non-degraded phonological or orthographic preview
conditions). The fixation data was pre-processed in the
same way as Experiment la. After the pre-processing
stage, 73.7 % of the data was left for analysis (13.4 % was
removed due to blinks or track losses, 12.7 % due to late or
inappropriate triggering of the target word boundary, and
0.14 % was removed as outliers).

Target word. Mean fixation durations on the target word in
Experiment 1b are presented in Figure 3 and the LMM

results are shown in Table 3. Similar to Experiment 1a, the
invalid preview effect was significant in all three measures.
This was due to shorter fixation durations following valid
compared to letter-mask previews. The orthographic pre-
view effect was also significant in all measures. In addition,
there was a robust main effect of degradation, which indi-
cates that degraded previews resulted in longer fixation
durations compared to non-degraded previews. Similar to
Experiment 1la, there was no significant phonological pre-
view effect in any of the measures. The only significant
interaction in the experiment was between the invalid pre-
view effect and degradation in GD. This was due to an
increase in GD when valid previews were degraded (reduc-
tion in benefit), but no such increase occurred when the let-
ter masks were degraded. In other words, the invalid
preview effect was larger in the non-degraded compared to
the degraded condition. This occurred because, unlike FFD
and SFD, degradation did not result in an increase in GD
for letter-mask previews. However, this still does not indi-
cate a reduction in preview cost similar to the one observed
in Experiment 1a, as GD would need to be shorter com-
pared to the non-degraded letter-mask preview. Finally,
when the target word data from Experiment 1a and 1b were
combined, degradation resulted in significantly longer fixa-
tion durations in Experiment 1b compared to Experiment
la (see Supplementary Material 1).
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Table 3. LMM results for fixation durations on the target word in Experiment |b.

Fixed effects FFD SFD GD

B SE t b SE t b SE t
Intercept 5.48 .02 319.5 5.52 .02 297.5 5.58 .02 279.1
Invalid prev. .07 .0l 4.81 N .02 6.38 Al .02 6.59
Orth. prev. .03 0l 2.11 .04 .02 2.7 .05 .02 2.99
Phon. prev. .0l .0l .39 0l .02 51 .0l .02 46
Deg. -.03 .0l -4.43 -.03 .0l -4.76 -.03 .0l -3.85
Invalid prev. X Deg. <.0l .0l 3 .02 .02 1.22 .04 .02 2.32
Orth. prev. X Deg -0l .0l -.67 <-.0l .02 -0l .0l .02 76
Phon. prev. X Deg .02 .0l 1.49 .0l .02 .8l .02 .02 1.19
Random effects Var. SD Corr. Var. SD Corr. Var. SD Corr.
Intercept (items) .0031 .0557 .0049 .0706 .0059 .0769
Deg. (items) .0003 .0188 -7
Intercept (subj.) .0145 1207 .0159 1261 .0187 .1367
Deg (subj.) .0007 .0271 -43 .0006 .0253 -.34
Residual .0874 2956 .0787 .2805 .1090 .3302

Invalid prev.: invalid preview effect (letter mask vs. valid preview); orth. prev.: orthographic preview effect (orthographic vs. letter-mask preview);
phon. prev.: phonological preview effect (phonological vs. orthographic preview); Deg.: preview degradation; FFD: first fixation duration; SFD: single-

fixation duration; GD: gaze duration; subj.: subjects; SE: standard error; SD: standard deviation.

Statistically significant t-values are formatted in bold.

Global reading behaviour. The descriptive statistics for
global reading measures are presented in Table 2. Similar
to Experiment 1a, sentence reading time was significantly
longer in the degraded compared to the non-degraded pre-
view condition (b=-0.02, SE=0.01, t=—4.26). The
degraded condition also led to more fixations (h=-0.24,
SE=0.07, t=-3.29) and longer fixation durations
(b=-0.003, SE=0.001, t=—2.48) compared to the non-
degraded condition. There was again no significant differ-
ence in saccade length between the two conditions
(b=-0.04, SE=0.03, t=—1.41). In summary, the results
from global reading measures replicate the findings from
Experiment la and suggest that there is a mild change in
global reading behaviour even when the visual degrada-
tion is administered with the original incremental bound-
ary paradigm also used in previous studies (Marx et al.,
2015, 2016, 2017; Vasilev et al., 2018).

Discussion

Experiment 1b tested whether a reduction in preview costs
can be observed when readers perceive distinct target word
degradation. In contrast to Experiment la where the
manipulation was hidden, there was no evidence for a
reduction in preview costs in Experiment 1b. Rather, deg-
radation led to a general increase in fixation durations,
which was particularly evident in earlier measures such as
FFD and SFD. Degradation also resulted in significantly
longer fixation durations in Experiment 1b compared to
Experiment la (see Supplementary Material 1). This sug-
gests that, instead of decreasing the costs associated with

invalid previews, degradation introduced additional costs
of its own. Similar to Experiment la, there was no evi-
dence for the phonological preview effect, although the
effects sizes were again in the expected direction and com-
parable to recent estimates (Vasilev, Yates, et al., 2019).
The lack of this effect in the two experiments is not neces-
sarily a problem as the present research was mainly inter-
ested in how orthographic and phonological previews are
influenced by degradation.

Interestingly, there was no increase in GD in the
degraded letter-mask condition. This is in agreement with
the results from Vasilev et al.’s (2018) Experiment 1 and
suggests that the cost of distinct degradation changes is
largely constrained to the first fixation on the target word.
This may occur if degradation delays the linguistic pro-
cessing of the target word immediately after crossing the
boundary due to its perceptual salience. Because degrada-
tion disappears once the boundary is crossed, it may no
longer affect subsequent re-fixations (which contribute
towards GD).

A further interesting finding from Experiment 1b was
that degradation led to a very similar increase in fixation
durations in the orthographic and phonological preview
conditions. Because these previews were much more
“word-like” than the letter masks, the present results sug-
gest that the presence of distinct target word degradation
leads to an increase in fixation durations that is largely
independent of type of preview that is used. The ortho-
graphic and phonological previews in the present research
differed from the valid preview only by a single letter.
Therefore, there is hardly any letter “masking” in the way
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that can potentially introduce preview costs. Rather, any
increase in fixation durations in the degraded condition
can likely be attributed to the presence of distinct target
word degradation. The significance of these results is that
the added cost of degradation when the manipulation is not
hidden may conceal any decreases in preview costs from
the letter mask that were observed in Experiment 1a.

Finally, degradation influenced global reading meas-
ures in a similar way to Experiment la. While the mean
difference was less pronounced, participants still spent
more time reading the sentences in the degraded compared
to the non-degraded condition, which was again caused by
slightly more and longer fixations. However, unlike
Experiment la, the degradation was limited to a single-
display change on the target word and it disappeared after
this word was fixated. Therefore, the mild slowdown of
reading processes may be due to participants’ noticing the
distinct parafoveal degradation prior to crossing the target
word boundary. This is because the degraded post-target
words would likely fall too far in peripheral vision for any
meaningful parafoveal pre-processing to occur (see
Rayner, 1998; Schotter et al., 2012).

Experiment 2

To evaluate the robustness of the key findings from
Experiment 1, a high-power replication was conducted.
Because recent evidence has suggested that the phonological
preview effect in adult English readers may be smaller than
originally thought (Vasilev, Yates, et al., 2019), the phono-
logical preview condition was removed.’ This does not affect
the research aims of the original experiment as the phono-
logical and orthographic previews are complementary in the
research design (i.e., when target word degradation is “hid-
den” by degrading all words in the sentence, this degradation
should reduce the amount of orthographic and phonological
benefit that readers obtain parafoveally). Therefore, due to
its larger size, the orthographic preview effect is a better can-
didate for testing this prediction. In this sense, Experiment 2
was a direct, high-power replication of Experiment 1, but
without the phonological preview condition.

General method

The method of Experiment 2a was identical to that of
Experiment 1a and the method of Experiment 2b was iden-
tical to that of Experiment 1b, except for the following
differences.

Participants. One hundred and twenty Bournemouth Uni-
versity students took part for course credit (60 in Experi-
ment 2a [50 female] and 60 in Experiment 2b [50 female]).
Their average age was 19.6years in Experiment 2a
(SD=2.16years; range=18-32years) and 20.4years in
Experiment 2b (SD=4.97years; range=18-53years).

None of them had participated in the previous experi-
ments. One more participant was tested in Experiment 2a
and three more in Experiment 2b, but they had to be
replaced due to poor tracking. Both studies were approved
by the Bournemouth University Research Ethics Commit-
tee (protocol No. 28816) and all participants provided
informed written consent. Prospective statistical power
was calculated with the simr R package v.1.0.5 (Green &
Macleod, 2016) based on the data from Experiment 1.
With 60 participants, Experiment 2a had an average power
0f 0.964 (SD=0.057; range 0.822—0.999), and Experiment
2b had an average power of 0.991 of detecting the pre-
dicted effects (SD=0.022; range=0.932-0.999) (for more
details, see Supplementary Material 2).

Materials and design. After the removal of the phonologi-
cal preview condition, Experiment 2 had a 2 (degradation:
0 vs. 20%) X 3 (target word preview: valid, orthographic,
letter mask) within-subject design. The design was other-
wise identical to that of Experiment 1: in Experiment 2a all
words were degraded prior to their fixation, whereas in
Experiment 2b only the target word and remaining sen-
tence were degraded.

The 80 items from Experiment 1 were combined with
58 new items written for Experiment 2, thus bringing the
total number of items to 138 (see Supplementary Material
2). The new items were written in the same way as the
original ones from Experiment 1. In the complete corpus
of 138 items, the target word was 4.77 letters on average
(SD=0.61 letters; range=4-6 letters) and the pre-target
word was 5.65 letters on average (SD=1.27 letters;
range=4-8 letters). The sentences were 14.17 words long
on average (SD=1.73 words; range: 9-18 words) and the
mean target word position in the sentence was 7.49
(SD=2.15 words; range=4—14 words).

Apparatus and procedure. The experiments were conducted
in a different room, but with a similar layout to the one used
in Experiment 1. Eye-movements were recorded with an
EyeLink 1000 Plus eye-tracker at 1,000 Hz. The sentences
were presented on a Lacie Electron 22 Blue IV CRT monitor
(resolution: 1,024 X 768; refresh rate: 150Hz). The letter
width was 11 px and the eye-to-monitor distance was 70 cm.
Each letter subtended ~0.35 © horizontally. The experiments
were programmed in Matlab R2014a (MathWorks, 2014)
using the Psychophysics Toolbox v.3.0.15 (Brainard, 1997;
Pelli, 1997) and EyeLink libraries (Cornelissen et al., 2002).
The experiments were run on a Windows 7 computer. Dis-
play changes were completed on average within 8.72ms of
the eye crossing the boundary (SD=3.59 ms) in Experiment
2a and 8.31ms in Experiment 2b (SD=1.95ms). Partici-
pants pressed the left mouse button to terminate trials and to
answer the comprehension questions. The experiments took
about 40 minutes to complete. The LMM models converged
only with a Degradation slope for subjects or items (or
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Table 4. LMM results for fixation durations on the target word in Experiment 2a (replication of Experiment |a).

Fixed effects FFD SFD GD

b SE t b SE t b SE t
Intercept 551 .02 351.6 5.53 .02 338.4 5.57 .02 322.8
Invalid prev. .10 0l 9.13 Al .0l 8.63 12 0l 10.9
Orth. prev. .04 0l 3.53 .05 .0l 4.23 .06 0l 5.84
Deg <-.0I .0l -.28 <-.01 <.0l -6 <.0l <.0l .64
Invalid prev. X Deg .05 .0l 4.82 .06 .0l 5.53 .06 .0l 5.14
Orth. prev. X Deg .03 .0l 2.56 .03 .0l 3.02 .04 .0l 3.37
Random effects Var. SD Corr. Var. SD Corr. Var. SD Corr.
Intercept (items) .0043 .0656 .0052 .0726 .0074 .0863
Intercept (subj.) .0l16 .1080 .0124 A7 0133 1154
Deg. (subj.) .0004 .0215 -.38 .0002 .0148 -.03
Invalid prev. (subj.) .0032 .0574 .16
Orth. prev. (subj.) .0015 .0393 .08 8l
Residual .0929 .3048 .0884 2973 1018 3191

Invalid prev.: Invalid preview effect (letter mask vs. valid preview); Orth. prev.: orthographic preview effect (orthographic vs. letter-mask preview);
Deg.: preview degradation; FFD: first fixation duration; SFD: single-fixation duration; GD: gaze duration; Subj.: subjects; SE: standard error;

SD: standard deviation.
Statistically significant t-values are formatted in bold.

Table 5. LMM results for fixation durations on the target word in Experiment 2b (replication of Experiment Ib).

Fixed effects FFD SFD GD

b SE t b SE t b SE t
Intercept 5.55 .02 331.3 5.57 .02 320.3 5.61 0.02 323.1
Invalid prev. .10 .01 9.75 12 0l 10.93 0.12 0.01 10.73
Orth. prev. .06 .0l 5.79 .07 .0l 6.19 0.07 0.0l 6.48
Deg. -.04 .0l -8.52 -.05 .0l -8.44 -0.04 0.0l -8.14
Invalid prev. X Deg .04 .0l 3.42 .04 .0l 3.76 0.05 0.0l 4.36
Orth. prev. X Deg .02 .0l 2.35 .02 .0l 2.07 0.02 0.01 2.1
Random effects Var. SD Corr. Var. SD Corr. Var. SD Corr.
Intercept (items) .0036 .0603 .0039 .0626 .0054 .0733
Deg. (items) .0006 .0237 -.20 .0005 .0219 -.08
Intercept (subj.) .0140 1184 0151 .1230 .0144 120
Deg. (subj.) .0002 .0152 =37 .0004 .0188 .0005 .0220 -.33
Residual .0902 .3003 .0861 2935 1021 3196

Invalid prev.: Invalid preview effect (letter mask vs. valid preview); Orth. prev: orthographic preview effect (orthographic vs. letter-mask preview);
Deg.: preview degradation; FFD: first fixation duration; SFD: single-fixation duration; GD: gaze duration; Subj.: subjects; SE: standard error;

SD: standard deviation.
Statistically significant t-values are formatted in bold.

both), except for the SFD model in Experiment 2a, which
converged only with a subject slope for Parafoveal Preview.
The exact random-effects structure for each model is
reported in Tables 4 and 5.

Results

Experiment 2a. Comprehension accuracy was 96.1% on
average (SD=2.87%; range: 89%—100%). Comprehension

accuracy was significantly higher in the letter mask
(M=96.9%; SD=17.2%) compared to the valid preview
condition (M=95.5%; SD=20.8%), z=2.01. There were
no other significant differences in accuracy (all |z|s < 1.49).
All participants noticed the degraded display changes and
23.3% of participants noticed letter display changes in the
non-degraded condition. During pre-processing, 10.82%
of trials were removed due to blinks, 13.65% due to late or
inappropriate boundary triggering, and 0.1% due to outli-



Vasilev et al.

269

Experiment 2a
[all words degraded]
FFD SFD GD
= 3251
2
£ 300+
=]
)
-5 2751
g
= 2501
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S 2251
valid  orth  mask valid  orth  mask valid  orth  mask
Parafoveal preview of word N+1
Experiment 2b
[target and rest of sentence degraded]
FFD SFD GD
= 3251
2
£ 300
=]
=
E 2751
g
= 250
=
Pt
= 2251
valid  orth  mask valid  orth  mask valid  orth  mask
Parafoveal preview of word N+1
Degradation |[=8=| 0% [=A=] 20 %

Figure 5. Mean fixation durations on the target word in Experiment 2a (all words degraded) and Experiment 2b (only target and
rest of sentence degraded). Experiment 2a was a replication of Experiment la and Experiment 2b was a replication of Experiment

Ib, without the phonological preview condition.

FFD: first fixation duration; SFD: single-fixation duration; GD: gaze duration; valid: valid preview; orth: orthographical preview; mask: letter-mask preview.

Shading indicates * | SE.

ers. This left 75.43% of the data for analysis.

Mean fixation durations on the target word are illus-
trated in Figure 5 and the LMM results are shown in
Table 4. Consistent with Experiment 1a, the main effects
of invalid preview and orthographic preview were both
significant in all measures. This indicates that letter-
mask previews led to longer fixation durations com-
pared to valid previews and that orthographic previews
led to shorter fixation durations compared to letter-mask
previews. In addition, the main effect of degradation
was not significant in any of the measures. Importantly,
the interaction between the invalid preview effect and

degradation was significant, also replicating Experiment
la. As Figure 5 shows, this occurred because degrading
the valid preview led to an increase in fixation durations
(i.e., reduction in benefit), whereas degrading the letter
mask resulted in a decrease in fixation durations (i.e.,
reduction in cost). Finally, the interaction between the
orthographic preview effect and degradation was also
significant. Similar to above, this occurred because fix-
ations durations decreased when the letter mask was
degraded (reduction in cost), but there was a minor
increase in fixation durations when the orthographic
preview was degraded (reduction in orthographic bene-
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fit). However, consistent with Experiment 1a, the reduc-
tion in orthographic benefit was only marginal.

Descriptive statistics for global reading measures in
Experiment 2a are presented in Table 2. Similar to
Experiment la, the degraded condition led to a signifi-
cant increase in sentence reading time compared to the
non-degraded condition (b=-0.03, SE=0.005, r=—4.92).
This was again due to longer fixation durations
(b=-0.005, SE=0.001, r=—4.83) and more fixations per
trial (b=-0.12, SE=0.04, t=—3.09) in the degraded com-
pared to the non-degraded condition. However, unlike
Experiment 1a, the degraded condition also led to slightly
shorter saccade lengths compared to the non-degraded
condition (6=0.078, SE=0.02215, t=3.52).

Experiment 2b. Comprehension accuracy was 96.2% on
average (SD=2.9%; range: 87%—100%), and there were
no significant differences across the conditions (all
|z|s =< 1.37). When asked after the study, 93.3% of partici-
pants reported seeing degraded display changes and 46.6%
reported noticing letter changes in the non-degraded con-
dition. During pre-processing, 9.49% of trials were
removed due to blinks, 17.2% due to late or inappropriate
boundary triggering, and 0.38% due to outliers. This left
72.9% of the data for analysis.

Target word fixation durations are illustrated in Figure
5, and the LMM results are shown in Table 5. Consistent
with Experiment 1b, there were significant invalid preview
and orthographic preview effects. These were again due to
longer fixation durations following letter mask compared
to valid previews, and shorter fixation durations following
orthographic compared to letter-mask previews. In addi-
tion, there was a robust main effect of degradation, also
replicating Experiment 1b. This was due to a general
increase in fixation durations in the degraded compared to
the non-degraded condition. However, unlike Experiment
1b, the interaction between invalid preview effect and deg-
radation, and orthographic preview and degradation was
significant in all measures. As Figure 5 shows, both inter-
actions were driven by the fact that the increase in fixation
durations with degradation in the letter-mask preview was
smaller compared to the valid and orthographic preview,
respectively. Therefore, while degradation led to an
increase in fixation durations in all preview conditions,
this increase was smaller in the letter-mask condition.

Mean global reading measures are reported in Table 2.
Unlike Experiment 1b, reading times did not significantly
differ between the degraded and non-degraded condition
(b=-0.001, SE=0.003, t=—0.38). While the number of
fixations per trial also did not differ between the degraded
and non-degraded condition (b=-0.018, SE=0.038,
t=-0.46), participants made slightly longer fixations
(b=-0.003, SE=0.001, r=—2.13) and saccades (b=—-0.05,
SE=0.024, t=-2.18) in the degraded compared to the non-
degraded condition.

Discussion

Experiment 2 replicated the key findings from Experiment
1. When all words were parafoveally degraded in
Experiment 2a, thus removing the distinctiveness of target
word degradation, we obtained the predicted cross-over in
the invalid preview effect. Specifically, degrading the
valid preview led to an increase in fixation durations
(reduction in preview benefit), while degrading the letter-
mask preview led to a decrease in fixation durations
(reduction in preview cost). A similar pattern was also
observed for the orthographic preview effect, although the
reduction in orthographic benefit was only marginal.
Critically, however, when only the target word and remain-
ing sentence were degraded in Experiment 2b, as in the
original incremental boundary paradigm (Marx et al.,
2015), this pattern was no longer there. Instead, there was
a general increase in fixation durations with degraded pre-
views and there was no evidence for a reduction in pre-
view costs. A comparison between the two experiments
again indicated that degradation led to significantly longer
fixation durations in Experiment 2b compared to
Experiment 2a (see Supplementary Material 1).

Admittedly, the increase in fixation durations in the
degraded condition was somewhat smaller in the letter
mask compared to the valid and orthographic preview con-
ditions. However, in no case were fixation durations
shorter in the degraded letter-mask condition compared to
the non-degraded letter-mask condition. As such, there
was again no evidence for a reduction in preview costs in
the original version of the incremental boundary paradigm
(Marx et al., 2015). Therefore, consistent with Experiment
1, preview costs were reduced only in the modified version
of the paradigm where the distinctiveness of target word
degradation was removed by degrading all words in the
sentence.

Finally, consistent with Experiment 1a, parafoveal deg-
radation in Experiment 2a again led to longer sentence
reading times, which was due to participants making
slightly more and slightly longer fixations. However, this
was generally not the case in Experiment 2b where only
the target and remaining sentence were degraded (except
for fixations still being slightly longer in the degraded con-
dition). In addition, saccade lengths were also influenced
by degradation in both Experiment 2a and 2b, although the
mean difference was very small. In summary, reading
times were longer when all words were degraded in the
sentence, but degradation otherwise had only a minor
effect on global reading behaviour.

General discussion

The present research investigated how the distinctiveness
of target word degradation influences preview benefits and
preview costs during reading. The results showed that the
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preview costs associated with invalid masks can be reduced
when participants do not perceive distinct parafoveal deg-
radation at the target word location (Experiments la and
2a), but that no such reduction in preview costs occurs
when such distinct degradation is present (Experiments 1b
and 2b). This was because the distinct target word degra-
dation in Experiments 1b and 2b led to additional costs
that inflated fixation durations and likely concealed the
desired reduction in preview cost from the mask. In addi-
tion, this increase in fixation durations that occurred with
distinct degradation changes was very similar for phono-
logically and orthographically related previews. This sug-
gests that the cost associated with the presence of distinct
target word degradation changes is not specific to invalid
masks, but also affects previews that contain some infor-
mation about the target word.

The reduction in preview costs in Experiments 1a—2a
replicates Marx et al.’s (2015) original findings and pro-
vides further evidence that invalid masks may inflate the
preview effect (Hutzler et al., 2019; Marx et al., 2016,
2017). Critically, however, the present data also demon-
strate that the use of parafoveal degradation in such studies
has the unintended consequence of adding additional costs
due to the presence of highly distinct changes at the target
word location (see Vasilev et al., 2018; Experiment 2).
This may explain why some studies (Hutzler et al., 2019,
Experiment 4; Vasilev et al., 2018, Experiment 1) have
failed to replicate the decrease in preview costs on the tar-
get word that Marx et al. (2015) originally reported. In this
sense, the present data show that the incremental boundary
technique (Marx et al., 2015) can be a very useful tool for
studying the preview costs associated with invalid masks.
However, it is important to eliminate the distinctiveness of
degraded display changes on the target word when using
this technique.

It is worth noting that the additional cost associated
with the awareness of distinct target word degradation in
the original incremental boundary paradigm was either
absent (Experiment 1b) or less pronounced (Experiment
2b) in GD for the letter-mask condition. This is consistent
with the results from Vasilev et al.’s (2018) Experiment 1,
where the additional cost for letter masks (i.e., longer fixa-
tion durations when masks are degraded) was present for
FFD, but not GD. This may occur because degradation dis-
appears once the target word boundary is crossed.
Therefore, the degradation cost may be largely constrained
to the first post-boundary fixation on the target word.
During re-fixations (which count towards GD), the degra-
dation was no longer present on the previous fixation, so
this additional cost may get diluted and begin to disappear.
GD is moderately correlated with FFD (von der Malsburg
& Angele, 2017) because the two measures are the same
when the target is not re-fixated. In these cases, any degra-
dation cost originating from FFD will also be carried over
to GD. However, if target word re-fixations are no longer
influenced by degradation because the preview has already

disappeared, the cost will get diluted because the “unique”
information in GD (i.e., the re-fixations) will remain unaf-
fected by degradation. Therefore, GD may be a mixture of
cases where there is cost (carried over from FFD) and
cases where there is little cost due to the added re-fixa-
tions. This would be in line with the results from
Experiment 2b where the cost in GD decreased compared
to FFD, but was still somewhat present.

The advantage of the present studies and those by Marx
et al. (2015) and Hutzler et al. (2019) is that they experi-
mentally manipulate the extent to which invalid masks can
cause interference, thus making it possible to study pre-
view costs directly. This is an improvement over other
studies that have used naturally occurring variation in
landing positions (Kliegl et al., 2013) or observational data
(Vasilev & Angele, 2017). As a result, they provide impor-
tant evidence for the existence of preview costs and their
likely magnitude. Experiments la and 2a suggested that
preview costs may account for between 23% and 45% of
the size of the invalid preview effect in first-pass measures
(M=35.7%; SD=28.7%). This is important for interpreting
the results from boundary studies, as current estimates are
likely to be a combination of preview benefits and preview
costs, which may overestimate the size of the true benefit
(Hutzler et al., 2019; Marx et al., 2015).

While the present results demonstrate the reality of pre-
view costs, they do not tell us why they occur in the first
place. One possibility first suggested by Kliegl et al.
(2013) is that invalid masks cause interference (i.e., pro-
cessing cost) because readers try to process them. This is a
plausible explanation as letter masks are non-words that do
not exist in readers’ mental lexicon. Because such masks
have a lexical frequency of 0, they may lead to a “maxi-
mal” processing difficulty that interferes with word recog-
nition (Risse et al., 2014). In addition, letter masks are
often generated (pseudo)randomly, which can lead to
highly irregular letter combinations that are not commonly
found in natural language. Some reading models (e.g.,
Snell et al., 2018) assume that word recognition depends
on the activation of open letter bigrams from the visual
input. Therefore, if irregular bigram activations from the
mask persist after readers fixate the target word, they may
interfere with word recognition processes. Therefore, non-
distinct degradation may act to prevent this bigram activa-
tion during parafoveal processing.

A second explanation is that the preview costs associ-
ated with invalid masks may be at least partially due to
display-change awareness. This is supported by the find-
ing that readers are more likely to notice letter changes
when their gaze position is closer to the mask (Slattery,
Angele, & Rayner, 2011). Incidentally, however, this is
also when the mask is most likely to be processed and
cause interference (Kliegl et al., 2013). Therefore, one task
for future research would be to try to dissociate any inter-
ference caused by the mask from the potential awareness
of letter changes. Nevertheless, the two explanations are
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not mutually exclusive, so preview costs may well be due
to a combination of interference and the detection of letter
changes. In fact, the activation of illegal letter combina-
tions may play a role in the detection of changes (Angele
et al., 2016).

The present results also showed clear costs associated
with the presence of distinct target word degradation in
Experiments 1b-2b. This is consistent with previous find-
ings showing that display-change awareness can lead to
inflated fixation durations (Angele et al., 2016; Vasilev
et al., 2018; White et al., 2005). Currently, it is not clear
whether the distinct target word degradation is perceived
before or after the display change happens. The traditional
interpretation of display-change awareness (e.g., Slattery,
Angele, & Rayner, 2011) is that participants notice the
flicker as the preview changes to the actual target word
when the boundary is crossed. However, given the very
high awareness of degradation in the incremental boundary
paradigm, it may well be the case that participants are
aware of the degradation even before the display change
happens. The lack of parafoveal-on-foveal effects of degra-
dation in the present experiments (see Supplementary
Material 2) could be taken as indirect evidence that this
awareness did not occur while participants were fixating on
the pre-target word. Nevertheless, it cannot be excluded
that participants notice the degradation in peripheral vision
even before they reach the pre-target word, in which case
such parafoveal-on-foveal effects may not necessarily
occur. Therefore, one interesting question for future
research would be establish at which point during sentence
reading participants become aware of the distinct target
degradation and how exactly this translates into the increase
in fixation durations on the target word. Nevertheless,
regardless of when this happens, the present data clearly
suggest that there is a cost associated with the presence of
distinct degradation at the target word location.

The present experiments had very similar manipula-
tions, but the critical difference was that the degradation
manipulation on the target word was distinct in Experiments
1b and 2b, but not in Experiments la and 2a where every
word was degraded and the presence of degradation was
“normal.” The lack of inflated target word fixation dura-
tions in Experiments la and 2a clearly suggests that the
mere presence of salient degradation is not enough for
such costs to occur. Rather, degradation also needs to be
distinct in a manner that highlights the target word and
display-change location, as was the case in Experiments
1b and 2b.

It is well known that perceptually novel or distinct stim-
uli can capture attention away from the main task by elicit-
ing an orienting response (Sokolov, 1963, 2001). For
example, unexpected sounds can lead to an involuntary
switch of attention in tasks such as reading (Marois &
Vachon, 2018; Vasilev, Parmentier, et al., 2019) or scene
viewing (Graupner et al., 2007). Similarly, visual objects

with sudden or unexpected onset can also capture attention
(Brockmole & Henderson, 2005; Percira & Castelhano,
2019; Theeuwes et al., 1998; Yantis & Jonides, 1984).
Therefore, visual degradation may lead to such costs
because attention is temporarily redirected away from the
reading task and towards the distinct degraded stimuli. As
a result, the increase in fixation durations in response to
distinct degradation in Experiments 1b and 2b may be due
to an attention orienting response that delays the onset of
word recognition processes.

Implications for computational models of
reading

While current models of reading (e.g., Engbert et al., 2005;
Reichle et al., 1998; Snell et al., 2018) can account for
benefits from parafoveal previews, they do not necessarily
simulate the exact sequence of events that occur in bound-
ary-change experiments. Invalid preview conditions have
been simulated in different ways, such as assuming that
lexical processing does not start until the target word is
fixated (Pollatsek et al., 2006; Sheridan & Reichle, 2016),
that word recognition processes (i.e., lexical activations)
are reset after crossing the boundary (Risse et al., 2014) or
by remaining agnostic and not simulating invalid previews
directly (Schotter et al., 2014). Critically, none of these
methods can account for interference costs from parafo-
veal masks or the cost from distinct degradation changes.
This in turn highlights the need for a better understanding
of why these effects occur and how to model them
computationally.

On the surface, these phenomena may simply be viewed
as methodological artefacts that are best to be avoided.
However, they also offer the opportunity to model more
directly how task-irrelevant factors can influence oculo-
motor control during reading. The awareness costs associ-
ated with noticing the distinct degraded changes in
Experiments 1b and 2b suggest that perceptually salient
(i.e., distinct) stimuli can attract attention away from read-
ing processes. Therefore, these effects can be viewed as an
instance of task-irrelevant distractors that can briefly influ-
ence the allocation of attention during reading. By consid-
ering how external factors can modulate reading processes,
computational models will come closer not only to explain-
ing display-change awareness effects, but potentially also
broader phenomena such as task-irrelevant auditory dis-
tractors (Cauchard et al., 2012; Hyona & Ekholm, 2016;
Vasilev, Liversedge, et al., 2019; Yan et al., 2018; Zhang
etal., 2018) or the modulation of attention by task demands
(Kaakinen & Hyo6ni, 2010; Radach et al., 2008; Schotter
etal., 2014; Weiss et al., 2018; Wotschack & Kliegl, 2013).

One way to account for distinct degradation costs could
be Angele et al.’s (2016) two-stage model of parafoveal
processing. In this model, display-change awareness costs
occur early in processing and are a function of the
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orthographic properties of the preview. When parafoveal
previews are visually distinct (e.g., those with low bigram
frequency, those with all-uppercase letters in lower case
sentences, or those with distinct degradation), readers may
notice them pre-attentively and begin to engage in sepa-
rate, non-language processes. This may result in parafo-
veal-on-foveal effects (as in Angele et al., 2016) or delay
the onset of word recognition of the target word following
the display change (as in the present research). Lexical
processing of the preview would occur in a later, attention-
dependent stage. Therefore, according to this account,
costs due to display-change awareness should be separable
from those due to lexical interference from invalid masks.
Future research can test this prediction by utilising the
change-detection paradigm to isolate trials where partici-
pants noticed display changes from trials where they did
not, in conjunction with the incremental boundary para-
digm to isolate costs due to the activation of incorrect let-
ters. Trials with detected changes should lead to similar
fixation durations due to this awareness and should not be
influenced by the orthographic or phonologic properties of
the invalid preview, but only when these previews were
degraded. However, non-degraded trials with no detected
changes should be influenced only by the properties of the
invalid preview.

Conclusion

There is a growing understanding that the invalid preview
effect may represent a mixture of preview benefits from
the valid preview and preview costs due to interference
from invalid masks (Hutzler et al., 2019; Kliegl et al.,
2013). One way to demonstrate the existence of preview
costs is to visually degrade invalid masks (Marx et al.,
2015), but this manipulation has been shown to be easily
noticeable by participants (Vasilev et al., 2018). The pre-
sent study showed that preview costs can be reliably dem-
onstrated, but only when participants are unaware of
distinct degradation occurring on the target word. This
suggests that noticing distinct degradation changes adds
additional costs that lead to a general increase in fixation
durations. This may occur because the distinct degradation
temporarily attracts attention away from the reading task
and delays word processing.
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Notes

1. This has traditionally been termed the preview benefit effect
(Rayner, 1998). However, due to recent evidence suggesting
that the effect may consist of not only benefit, but also cost,
we use the more neutral term “preview effect” throughout
the paper.

2. One more participant was tested but their data were dis-
carded due to tracking problems.

3. Two more participants were tested but later excluded: one
due to tracking problems and one due to low comprehension
accuracy (<80%).

4. The mean difference was largely due to comprehen-
sion being lower in the non-degraded valid (M=90.2%;
SD=29.7%) compared to the non-degraded letter-mask
condition (M=93.4%; SD=24.9%). The degraded valid
(M=93.4%; SD=24.9%) and degraded letter-mask
(M=94.9%; SD=22%) conditions had more similar accu-
racy. An examination of the subject means indicated that
the effect was largely due to three subjects who had low
accuracy in the valid preview condition, but ceiling-level
accuracy in the letter-mask condition.

5.  Experiment 1 was conducted in 2016-2017 before this
information was available.
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