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Aging & Parafoveal Preview Effects

Abstract

We investigated parafoveal processing by 44 young (18-30 years) and 44 older (65+
years) Chinese readers using eye movement measures. Participants read sentences which
included an invisible boundary after a two-character word (N) and before two one-character
words (N+1, N+2). Before a reader’s gaze crossed the boundary, N+1 and N+2 were shown
normally or masked (i.e., as valid/invalid previews), after which they reverted to normal.
Young adults obtained preview benefits (a processing advantage for valid over invalid
previews) for both words. However, older adults obtained N+2 preview benefits only when

N+1 was valid, suggesting their parafoveal processing is more limited.

Keywords: Cogntive aging, eye movements in reading, Chinese, parafoveal processing; N+2

preview effects
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Despite their greater experience of reading, older adults (aged 65+ years) tend to read
less fluently than young adults (aged 18-30 years). This is reflected in slower reading by
older adults, due to their dwelling for longer on words (i.e., making more and longer eye
fixations) and making more backwards eye movements (i.e., regressions) to re-read text (for
reviews, see Gordon et al., 2016; Paterson et al., 2020). Various factors are hypothesized to
contribute to this less fluent reading in older age, including that older adults process
information from upcoming words (i.e., in parafoveal vision) less effectively compared to
young adults (e.g., Rayner et al., 2009, 2010).

It is well-established that parafoveal processing makes an important contribution to
skilled reading. It allows readers to use low-resolution information from outside central (i.e.,
foveal) vision to begin processing upcoming words and to help guide the targeting of the next
eye movement (for reviews, see Cutter et al., 2015; Schotter et al., 2012). Evidence for this
comes primarily from studies that use gaze-contingent text-change techniques, such as the
moving window and boundary paradigms, to limit the availability of parafoveal information
on each fixational pause (for a review, see Rayner, 2014). This is achieved in the moving
window paradigm by making changes to text dependent on where the reader currently is
looking. On each eye fixation, text is shown as normal within a region around the reader’s
gaze (the ‘moving window”) while text outside this region is masked. This restricts the
availability of parafoveal information, and the experimenter can assess its effects on eye
movement behavior. By comparison, the boundary paradigm is used to investigate effects of
limiting parafoveal information on the processing of specific words in text. In this paradigm,
an invisible boundary is placed immediately in front of a target word in a sentence, which is
shown either as normal or masked so that it unavaible for parafoveal processing. Once the
reader’s gaze crosses the boundary, the word reverts to normal, allowing the experimenter to

assess effects of denying parafoveal preview of this word on its subsequent processing.
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Studies using these paradigms show that the eye movements of skilled, young adult
readers are disrupted when rightward parafoveal information (i.e., about upcoming words) is
denied when reading left-to-right scripts like English (e.g., McConkie & Rayner, 1975, 1976;
Rayner, 1975). Other studies show that slower or less skilled readers are disrupted less when
rightward parafoveal information is denied, implying that such readers process this
information less effectively (Chace et al., 2005; Haikio et al., 2009; Rayner et al., 2010;
Underwood & Zola, 1986; Veldre & Andrews, 2015). As older adults show reduced
peripheral visual processing in non-reading tasks (e.g., Ball et al., 1988; Sekuler et al., 2000;
for a review, see Owsley, 2011), this has led some researchers to argue that older readers
might also process parafoveal information less effectively (e.g., Rayner et al., 2009).
Consistent with this view, several studies using the moving window paradigm suggest that
older readers can obtain less parafoveal information compared to young adult readers (Rayner
et al., 2009, 2014). Similarly, findings from studies using the boundary paradigm suggest that
the processing of specific target words in sentences is disrupted more for young compared to
older adults when parafoveal preview of these words is denied, consistent with older adults
processing this information less effectively (Rayner et al., 2010). However, other studies
using these paradigms report conflicting findings that show no such adult age differences
(Choi et al., 2017; Risse & Kliegl, 2011; Whitford & Titone, 2016).

These inconsistencies in the literature, and the fact that research to date has been
conducted almost exclusively with alphabetic scripts, highlight the need for further work to
better understand aging effects on parafoveal processing. The present research therefore
investigated this issue using a non-alphabetic script (Chinese) which has characterisics that
promote parafoveal processing and so may be well-suited to revealing age differences in the
use of this information. Like English, Chinese is read from left to right. However, by contrast

with alphabetic languages like English, Chinese uses a non-alphabetic script in which words
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are created from box-like logograms called characters rather than letters (Campbell, 1997).
Words in this script generally are short, with most comprising only one or two characters,
while spaces are not used to separate words in text (see Li, X. et al., 2015; Zang et al., 2011).
The Chinese script therefore tends to be physically dense compared to alphabetic scripts (Bai
et al., 2008), with the result that upcoming words are typically closer to fixation, and so more
available for parafoveal processing.

Consistent with this, studies using the boundary paradigm report preview benefits (i.e., a
processing advantage when parafoveal words are available rather than denied) for up to two
words to the right of a fixated word (e.g., Yan et al., 2010; Yang et al., 2009, 2012). In these
studies, the fixated word is usually referred to as word N, while the two words to its right are
words N+1 and N+2 respectively. By comparison with these findings, preview benefits for
N+2 words are less common in alphabetic scripts. This is most likely because these are
further from fixation and so in lower resolution vision, and such benefits have been reported
only when N+1 is a short function word (e.g., Angele & Rayner, 2001; Risse & Kleigl,
2011), or N+1 and N+2 form a spaced compound (e.g., teddy bear, Cutter et al., 2014; see
also Cui et al., 2013, Yu et al., 2016, Zang et al., 2021; and for a meta-analysis of N+1 and
N+2 parafoveal preview effects in alphabetic scripts and Chinese, see Vasilev & Angele,
2017). This and other evidence suggests that parafoveal processing makes a unique
contribution to reading fluency in Chinese, by allowing multiple parafoveal words to be
processed to some degree, or even fully identified, on each fixation. Such findings have
influenced the development of computational models of eye movement control for Chinese
reading. In particular, current models emphasize the importance of parafoveal processing for
reading fluency, by assuming that readers use specific processing strategies to maximize the
number of characters they can identify parafoveally on each fixation, and to direct the next

eye movement beyond these characters (Li & Pollatsek, 2020; see also Yu et al., 2020).
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Other research shows that Chinese is read much less fluently by older than younger
adults. In particular, older adults appear to read Chinese almost twice as slowly as young
adults (and so appear to experience a larger reading speed slowdown as compared to older
readers of alphabetic scripts). They also dwell for longer on words, by making more and
longer fixations and also more regressions, and make generally shorter forward eye
movements (e.g., Li, L. etal., 2019; Li, S. et al., 2018; Wang et al., 2018a,b; Zang et al.,
2016; Zhao et al., 2019, 2020; for a review, see Paterson et al., 2020). These shorter forward
eye movements, in particular, suggest that eye guidance may benefit less from parafoveal
processing in Chinese reading for older relative to younger adults. Specifically, the finding
suggests that older adults may identify fewer characters parafoveally on each fixation and so
progress less far in text with each eye movement. However, few studies to date have
investigated adult age differences in parafoveal processing in Chinese reading (but see Xie et
al., 2020), although, as we have noted, this script’s capacity to support both N+1 and N+2
parafoveal preview effects suggests it is well-suited for assessing such age differences.
Consequently, such studies may be important for understanding aging effects on parafoveal
processing across different writing systems, and will help inform the future development of
models of eye movement control for Chinese reading (Li & Pollatsek, 2020; Yu et al., 2020).

This was therefore the focus of the present experiment. However, the potential for
observing N+2 preview effects in Chinese also afforded the opportunity to assess whether
these effects are contingent on the availability of preceding words (e.g., word N+1), which
may shed further light on mechanisms underlying parafoveal processing. This issue has been
investigated in alphabetic scripts (see, e.g., Angele et al., 2011). Especially clear evidence
comes from research using spaced compounds as parafoveal words (e.g., teddy bear; Cutter
et al., 2014), showing that N+2 preview benefits (i.e., for bear) are observed only when the

N+1 constituent (i.e., teddy) is also available for parafoveal processing (i.e., is not masked).
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This is explained in terms of contingencies between words, such that the first constituent
licenses processing of the second as part of a larger lexical unit. Consequently, when that first
constituent in masked, readers benefit less from parafoveal preview of the N+2 word.
Evidence of a similar effect in Chinese reading has become available recently (Zang et al.,

2021). In this study, Zang et al. presented two word idiomatic phrases with an adjective noun

structure (e.g., ZY)A, ,meaning “stepping stones”). As with the Cutter et al. study, they

found that preview benefits for the second constituent of the idiom only occurred when the
first constituent was parafoveally available. Crucially, however, susch effects have not been
explored in older adults to date. We therefore also investigated this issue.

Accordingly, we used eye movement measures and the boundary paradigm to assess age
differences in N+1 and N+2 preview benefits for young (18-30 years) and older (65+ years)
Chinese readers. Participants read sentences containing a two-character word (N) followed by
two one-character target words (N+1 and N+2). An invisible boundary was placed after word
N, and therefore directly in front of N+1 and N+2. Prior to the reader making an eye
movement that crossed this boundary, the availability of N+1 and N+2 was manipulated by
showing either both words as normal or masking either N+1 or N+2, or both, using a visually
similar pseudo-character. As soon as the reader’s gaze crossed the boundary, these displays
quickly reverted to normal.

Consistent with previous aging research, we expected that older adults’ would exhibit
less fluent reading, by making more and longer fixations and more regressions, and so
reading more slowly than young adults. We also expected that young adults would show both
N+1 and N+2 preview effects, such that using a mask to deny parafoveal preview of these
words would cause readers to make longer subsequent fixations on them. Beyond this, and
quite crucially, the experiment enabled an assessment of age differences in the use of

parafoveal previews. One possibility is that young and older readers make similar use of this
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information, so that denying N+1 and N+2 previews produces comparable increases in
subsequent fixation times on words, ruling out the possibility that generally longer reading
times by older adults are due to less effective parafoveal processing. Alternatively, if older
adults have less effective parafoveal processing, they may exhibit reduced preview effects
relative to younger adults for N+2 and possibly also N+1 words, so that they exhibit smaller
or no increase in subsequent fixation times on these words when masked compared to
displayed normally. Moreover, by independently manipulating the two parafoveal words, the
present experiment might be informative about whether the availability of preceding words
affects N+2 processing, by revealing if masking N+1 can disrupt N+2 processing, and
whether any such effects differ as a function of age group.

Method

Ethics Statement. The study was approved by the research ethics committee in the
Academy of Psychology and Behavior at Tianjin Normal University and conducted in
accordance with the principles of the Declaration of Helsinki.

Participants. Forty-four young adults aged 18-29 years (M = 23 years) from Tianjin
Normal University and 44 older adults aged 65-74 years (M = 67 years) from the local
Tianjin community participated in the experiment. All were native Chinese readers who had
normal or corrected vision (at least 20/40 high-contrast acuity, in Snellen values), assessed
using an eye chart, and reported reading for several hours (at least) each week. Older adults
were screened for non-impaired cognitive abilities using the Beijing version of the Montreal
Cognitive Assessment (applying a conventional exclusion criterion of scores < 26/30;
Nasreddine et al., 2005). Vocabulary and working memory were assessed for both age groups
using the Vocabulary Knowledge Test from the Chinese version of WAIS-III (Wechsler et al.,
2002) and the WAIS-III digit-span subtest, assessing forward and backward spans

(Wechsler,1997). Vocabulary scores were similar across age groups, but digit spans were



Aging & Parafoveal Preview Effects 10

smaller for the older adults, as is typical (Ryan et al., 2000). Table 1 summarizes participant

characteristics.
Figure 1 & Table 1

No previous study has examined adult age differences in N+1 and N+2 orthographic
preview effects in Chinese. Accordingly, we used power analysis to estimate the smallest
effect size that our design could detect with at least 80% power. We focused on estimating the
power to detect an N+2 preview effect for either age group in measures of early fixational
processing (i.e., first-fixation duration, single-fixation duration, gaze duration), using
software created by Westfall (https://jakewestfall.shinyapps.io/two_factor power/). Default
values were used for estimates of variance components (following Judd et al., 2016). The
analysis provided estimates in the region of Cohen’s d = .45 to .51, dependent on the eye
movement measure, which might indicate a medium or large effect size (e.g., Cohen, 1988).
We compared these estimates with calculations of observed effect sizes in published studies.
They compared well with observed effect sizes in experiments by Yu et al. (2016), which we
computed as N+2 effects of d = .55 for gaze durations in their Experiment 1, and d = .48 for
first-fixation durations, and d = .30 for gaze durations, in their Experiment 2. Our estimates
compared less favorably with observed effect sizes in Yan et al. (2010), which we computed
as N+2 effects of around d = .30 in first-fixation durations and gaze durations, and Yang et al.
(2009), which we computed as N+2 effects of between d = .07 and .09 in the same measures.
Finally, Yang et al. (2012) reported null effects. The large differences in observed effect sizes
across these studies may reflect variation in the stimulus characteristics, including the length
and lexical frequency of words (see, e.g., Yan et al., 2010, and Yang et al., 2012, for
discussion) as well as differences in the number of participants and stimuli per condition
across these experiments. Whereas these previous studies assessed N+2 preview effects on

N+2 target words, we examined the consequences for both N+1 and N+2 processing, which
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may afford a better opportunity to detect such effects.

Materials and Design. Stimuli consisted of 60 sentences. These were presented using the
boundary paradigm, with an invisible boundary placed after word N (see Figure 1), followed
by two one-character target words (N+1 and N+2). Word N was a two-character word in 55
stimuli, and in the other five a multiword unit expressing a single meaning (e.g., “f1",
meaning “everyone”). N+1 and N+2 words had a variety of constructions (e.g., noun+verb,
noun-+noun, verb+adverb, verb+verb), and were selected so they could not combine with each
other or an adjacent character to form a word. Prior to a reader making a saccade that crossed
the boundary, N+1 and N+2 words were shown normally (i.e., valid previews) or as invalid
previews created by replacing either N+1 or N+2, or both, with a visually similar pseudo-
character. The sentences were therefore shown in one of four preview conditions, which
reverted to normal as soon as a saccade crossed the boundary.

The sentences were counterbalanced within each age group, so that each participant
viewed each sentence in only one preview condition and an equal number of sentences in
each preview condition. The sentence were viewed equally often in each preview condition
across an age group. These stimuli were intermixed with 48 filler sentences, with 10 practice
sentences presented at the start of the experiment. Sentence-level analyses were conducted
with the between-participants factor age group (young adult, older adult). Word-level
analyses for N, N+1 and N+2 were conducted with the between-participants factor age group
(young adult, older adult) and within-participants factors N+1 preview validity (invalid,
valid) and N+2 preview validity (invalid, valid). In each case, the invalid preview condition
was used as the reference (i.e., 1 = invalid in statistical models).

Apparatus and Procedure. An EyeLink 1000 eye-tracker (SR Research), using a tower-
mounted camera and chin and forehead rests, recorded each participant’s right eye

movements during binocular reading at 1000 Hz. Stimuli were displayed as black-on-white
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text in Song font on a high-resolution (1024%768 pixels) monitor with a fast (144 Hz)
refresh-rate. At 65cm viewing distance, each character subtended approximately 1°
horizontally and so was of typical size for reading (Xu & Jordan, 2009).

Participants took part individually and were instructed to read normally and for
comprehension. At the start of the experiment, a 3-point horizontal calibration procedure was
conducted across the same line as a sentence was presented (ensuring spatial error of .3° or
less for all participants). Calibration accuracy was checked before each trial and the eye-
tracker recalibrated as necessary to maintain this high spatial accuracy. At the start of each
trial, a fixation square equal in size to a character space was presented on the left side of the
screen. Once this was fixated, a sentence was presented with the first character replacing the
square. Participants pressed a key once they finished reading each sentence. This was
replaced by a yes/no comprehension question on 30% of trials, which participants answered
by pressing one of two keys. At the end of the experiment, participants were asked if they
noticed the display changes and, if they had, how many they had noticed.

Thirty-six percent of young adults and 18% of older adults reported noticing a display
change. The mean estimates of display changes by those who noticed any was 8.7%, with no
participant reporting more than 10% of display changes. Therefore, following customary
practice, no participant’s data were excluded from statistical analyses. We note that while
parafoveal preview effects appear highly reliable (see Vasilev & Angele, 2017), they can
represent a mix of preview benefits and costs, whereby different masking procedures for
creating invalid previews may incur a processing cost (for discussion, see, e.g., Hutzler et al.,
2013; Kleigl et al., 2013; Vasilev & Angele, 2017; Vasilev et al., 2021). In the present
experiment, we used visually similar characters as masks in invalid preview conditions to
minimize preview costs, although such effects may also be mediated by cross-group

differences in change-detection rates, as observed in the present experiment.
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Results

Accuracy answering comprehension questions (analyzed using linear mixed-effects
models, see subsequently) was high for all participants (> 80%), although higher for young
adults (M = 90%, range = 80% to 100%) than older adults (M = 85%, range = 80% to 100%,
S =.51, SE = .15, z = 3.35). Both age groups therefore comprehended sentences well, while
the slightly poorer comprehension by the older adults is consistent with other evidence that
older adults perform more poorly on tasks that require them to comprehend or remember
information, most likely as a consequence of sensory and cognitive declines (see, e.g.,
Radvansky, 1999; Stine-Morrow et al., 2006).

Before analyzing the data, we combined short fixations (< 40 ms) with adjacent
fixations, then deleted fixations shorter than 80 ms or longer than 800 ms. Data were
analyzed only from trials in which word N was fixated during first-pass reading (i.e., and so
not skipped). Trials also were excluded if: (a) there were fewer than five fixations on a
sentence (affecting 43 trials, 17 for young adults and 26 for older adults); (b) a regression was
made from word N during first-pass reading (affecting 679 trials, 240 for young adults and
439 trials for older adults); (c) a blink occurred during a display-change or fixation on N+1 or
N+2 (affecting 154 trials, 117 for young adults and 37 for older adults); and (d) the display-
change occurred prematurely (because a “j-hook™ saccade crossed the boundary but
terminated to its left) or the display-change was delayed (implemented > 10 ms into the next
fixation; affecting 377 trials, 253 for young adults and 124 for older adults). There were 4404
trials (2266 for young adults, 2138 for older adults) following these procedures. Note that
word-level data were analyzed only for trials in which word N was fixated during first-pass
reading (prior to a fixation to its right and without a first-pass regression from this word),
resulting in analyses based on 3556 trials (1781 for young adults, 1775 for older adults).

Finally, we removed observations for each measure more than 3 SD from each participant’s
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mean. Table 4 reports the number of trials contributing to each word-level analysis.

Data were analyzed by Linear Mixed-Effects Models (LMEMs, Baayen et al., 2008)
using R (R Development Core Team, 2019) and the Ime4 package (Bates et al., 2015). For
binomial variables, generalized LMEMSs were conducted with the Laplace approximation.
Reading times were log-transformed. Contrasts were computed using the contr.sdif function
in the MASS package (Venables & Ripley, 2002). Participants and stimuli were specified as
crossed random effects (Barr et al., 2013). If a full model failed to converge, the random
effects structure was reduced, first by removing correlations between factors, then
interactions, then random factors, first by stimuli then participants (these models are specified
in R scripts available online: 10.25392/leicester.data.12652298). Following convention, t/z
values > 1.96 were considered statistically significant. Effect sizes (d) are reported for critical
comparisons by dividing beta values (b) by the square root of variances for intercepts, slopes
and residuals, following a procedure outlined by Brysbaert and Stevens (2018).

Recently, von der Malsburg and Angele (2017) proposed that false positives can be
elevated when computing multiple dependent measures in eye movement studies. We took
account of this issue in the following ways. First, as we stipulate a pattern of predicted age
group effects for sentence-level measures (i.e., longer reading times, more and longer
fixations, more regressions, and potentially shorter forward eye movements, for older
compared to younger adults), we applied no correction to these analyses. For these analyses,
we report sentence reading time (time from the onset of a sentence display until the
participant pressed a key to indicate they had finished reading), number of fixations, average
fixation duration (mean length of all fixations), forward saccade length (mean length, in
characters, of progressive eye movements) and number of regressions (backwards eye
movements) as standard sentence-level measures.

At the word-level, we tested hypotheses concerning the influence of parafoveal preview
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on the initial processing of N+1 and N+2 words. Accordingly, we selected eye movement
measures that are sensitive to first-pass processing of these words (the initial processing of a
word prior to a saccade to its right or a regression from it) for hypothesis-testing. These
comprised first-fixation duration (FFD, length of the first fixation on a word); single-fixation
duration (SFD, the length of a fixation that is the only first-pass fixation on a word); and gaze
duration (GD, sum of all first-pass fixations). Von der Malsburg and Angele suggest two
approaches to control for an inflated risk of a Type I error. One is to apply a Bonferroni
correction, and the second is to consider if an effect is statistically significant in two or more
measures. We adopted the second approach in the present experiment. We also report word-
level measures of skipping rates (SP, the probability of not fixating a word) as exploratory
analyses for words N+1 and N+2. In addition, we report first-pass processing measures (i.e.,
first-fixation duration, single-fixation duration, gaze duration) as exploratory analyses of
effects of parafoveal preview on the foveal processing of this word (i.e., parafoveal-on-foveal
effects; for discussion, see, e.g., Drieghe, 2011).

Sentence-Level Analyses. Table 2 shows sentence-level means and summarizes statistical
effects. Compared to the young adults, the older adults had longer reading times, made more
fixations and regressions and marginally shorter forward saccades, with no age difference in
average fixation duration, resonant with previous findings (Li, L. et al., 2019; Li, S. et al.,
2018; Wang et al., 2018a,b; Zang et al., 2016; Zhao et al., 2019, 2020).

Tables 2-4

Word-Level Analyses. Table 3 shows word-level means and Table 4 summarizes
statistical effects for N, N+1 and N+2 analyses.

Word N. Reading times for word N were longer for older than younger adults. Total
reading times were longer when N+1 had an invalid than valid preview, indicating that

invalid N+1 previews disrupted reading. Age group differences at this word are in line with
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sentence-level analyses, while the lack of first-pass preview effects suggests the absence of
parafoveal-on-foveal effects showing sensitivity to the lexical status of parafoveal characters
prior to their fixation.

Word N+1. Compared to the young adults, the older adults had lower skipping rates for
N+1. We also obtained the predicted N+1 preview validity effects, with valid N+1 previews
producing shorter reading times than invalid N+1 previews (in FFD, SFD, and GD, and so
meeting the hypothesis-testing criterion we applied). N+2 preview validity effects were
qualified by a two-way interaction between N+1 and N+2 preview validity in GD only,
possibly reflecting an N+2 preview effect only when the N+1 preview was valid (valid N+1
preview, b = 0.10, SE = 0.03, t = 3.88; invalid N+1 preview, b = 0.02, SE = 0.03, t =0.92).
Beyond this, we observed a three-way interaction between age group, N+1 preview validity,
and N+2 preview validity in FFD and SFD (with GD showing a similar numerical effect, and
again meeting the hypothesis-testing criterion we set). Focusing on FFD and SFD, an N+2
preview effect for young adults (bs > 0.05, ts > 2.20) was obtained regardless of N+1 preview
validity (i.e., with no interaction, bs < 0.05, ts < 1). However, for older adults, an N+2
preview effect was observed only when N+1 previews were valid (i.e., valid N+1 preview,
N+2 preview effect, bs > 0.08, ts > 2.54; invalid N+1 preview, N+2 preview effect, bs <
0.02, ts < 0.92). This suggests that while young adults processed N+2 regardless of the
lexical status of N+1, older adults processed N+2 to a lesser degree when N+1 previews were
invalid than valid.

Figure 2 illustrates FFD and SFD effects for word N+1. These depict the effects of N+2
preview validity as a function of N+1 preview validity. For young adults, fixation times are
longer for invalid compared to valid N+2 previews regardless of N+1 preview validity,
showing that young adults are sensitive to the orthographic form of N+2 words. For older

adults, fixation times are longer for invalid than valid N+2 previews only when N+1 is valid,
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suggesting that their parafoveal processing of N+2 orthography is less robust.
Figure 2

Word N+2. Older adults read N+2 more slowly (in GD and TT). An N+2 preview
validity effect in word-skipping reflected increased skipping for invalid N+2 previews.

Effects of individual difference variables. Despite efforts to match the young and older
adult participants in terms of key individual differences, there was some between-group
variance in educational background, typical between-group differences in visual acuity,
vocabulary knowledge and memory capabilities (as measured using the digit span task), and
between-group differences in accuracy responding to comprehension questions in the eye
movement experiment. To explore the influence of these individual difference variables, we
conducted additional LMM analyses of word-level measures which included chronological
age and these variables as covariates. The analyses produced a pattern of effects that was very
similar to that in analyses without these variables included, suggesting that effects observed
in the main analyses were a consequence of age group differences rather than the influence of
these individual differences. A summary of the results of these covariate analysis is included
as a Supplemental Material.

The analyses also showed limited influence of the individual difference variables on eye
movement measures, other than an effect of near acuity on fixation times for word N. Acuity
was not predictive of preview effects, however, quite likely because conventional acuity tests
provide an assessment of foveal rather than parafoveal visual abilities. Other techniques, such
as measures of the visual span (e.g., Legge et al., 1997) have been shown to be sensitive to
adult age group differences in parafoveal acuity for letters and characters (e.g., Liu et al.,
2017; Warrington et al., 2019; Xie et al., 2019). However, whether the visual span is
predictive of parafoveal preview is unclear (Risse, 2014).

Discussion
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The present study investigated age differences in N+1 and N+2 preview effects in
Chinese reading. The findings replicate previous evidence for less fluent reading by older
adults (Li et al., 2018; Wang et al., 2018; Zang et al., 2016; Zhao et al., 2019, 2020), as well
as previous evidence for N+1 and N+2 preview benefits (Yan et al., 2010; Yang et al., 2009,
2012). Specifically, we found that masking N+1 or N+2 (or both) attenuated preview benefits
in subsequent fixations on words. The robustness of N+2 effects of this nature has previously
been taken as evidence for more efficient parafoveal processing in Chinese reading (Vasilev
& Angele, 2017), and the present findings add to this evidence.

Crucially, we found that N+1 and N+2 previews were attenuated for both age groups
when these words were replaced by visually similar pseudo-characters. This provides novel
evidence that older adults, as well as young adults, can obtain detailed orthographic
information from at least two (one-character) words to the right of a fixated word. Ostensibly,
this seems contrary to the view that older readers obtain less rightward parafoveal
information (Rayner et al., 2009, 2014). However, the present findings also revealed an age
difference in N+2 preview effects which might imply subtle limitations in the parafoveal
processing capabilities of older relative to younger adults.

Specifically, we found that older adults produced N+2 preview effects only when the
N+1 preview also was valid. By comparison, younger adults produced N+2 preview effects
irrespective of N+1 preview validity. This suggests the availability of the preceding word
influenced N+2 processing, although only for older adults in the present experiment. One
possibility is that older, but not younger, adults did not process beyond the point from which
meaningful information could be obtained. That is, their parafoveal processing may have
been more limited when the lexical status of N+1 was difficult to establish (because it was a
pseudo-character). This may be a consequence of age decline in cognitive resources, such

that when costs associated with N+1 processing are high, fewer resources are available for
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N+2 processing. This is consistent with findings by Payne and Stine-Morrow (2012) showing
that increased text processing demands (in this case due to sentence wrap-up costs) can
reduce preview benefits for older relative to younger adults. Why no evidence of attenuation
was observed for young adults is less clear; however, this may be a consequence of using
high frequency, single character words as N+2 stimuli, which may have been relatively easily
identified by the younger adults even when N+1 was a pseudoword.

Clearly encountering a pseudo-character in text is unusual. It will therefore be important
to establish if similar effects manifest under naturalistic conditions. This might include
factors, such as the lexical frequency of N+1 words, shown previously to modulate N+2
preview benefits (Yan et al., 2010; Yang et al., 2012). These findings show that the cognitive
load associated with identifying a low (relative to high) frequency word can reduce N+2
preview effects for young adults. Consequently, if older adults’ parafoveal processing suffers
more from cognitive load, as the present findings and those reported by Payne and Stine-
Morrow (2012) suggest, increased costs associated with N+1 processing may attenuate N+2
preview effects more for older than younger adults. Such findings add to our understanding
of aging effects on parafoveal processing in reading, especially in the context of current
models of eye movement control in Chinese reading, which emphasize the central importance
of parafoveal processing for reading efficiency (Li & Pollatsek, 2020; Yu et al., 2020).

In sum, our findings demonstrates that older adults retain the capacity to obtain detailed
parafoveal information from up to two words to the right of fixation in Chinese reading,
while revealing that age differences in N+2 preview benefits may emerge when processing

demands are high, perhaps because of more limited cognitive resources in older age.
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Figure Legends

Figure 1. An example sentence stimulus.

Figure 2. Effects of N+2 preview validity as a function of N+1 preview validity in (a) first-

fixation durations and (b) single-fixation durations on word N+1.
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Figure 1

N+2
N+1 Preview ) Sentence

Preview

Valid R LEREVE CIH AT HEIEI A
Valid

Invalid 3@ % EAREEE CIFANT BRI AL

Valid S LERA VA CIFAN AT EIR I AL
Invalid

Invalid 24 2 EARAE H CIF AN BRI A

. Huang Jianan is actually willing to talk about theoretical views that he

Translation

does not agree with.

Note: Vertical lines indicate the location of the invisible boundary and words, N, N+1 and
N+2 are shown in bold. The two-character word before the boundary (J&4%) is word N, the
first character after the boundary is word N+1 (5 in the valid preview condition), and the
second character after the boundary is word N+2 (# in the valid preview condition). Invalid
previews were visually similar pseudo-characters. The sentences were shown normally in the

experiment.
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Figure 2
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Table 1a. Summary of participant characteristics
Young Adults Older Adults t
Formal education (years) M=155,SD=2.1, M=117,SD= 714"
Range = 12-19 2.9, range = 9-16 '
Visual acuity (3 m) M =20/17,range = M = 20/24, range 330"
20/6 —20/40 = 20/8 — 20/40 '
Visual acuity (40 cm) M = 16/22, range = 16/30, range = 5 85"
16/16 — 16/32 16/20 — 16/50 '
Vocabulary knowledge 13.16 (1.80) 14.02 (1.10) -2.71°
Digit span 13.43 (1.58) 12.16 (2.18) 8.17"

Note. Acuity is reported in Snellen values, and vocabulary knowledge and digit span are

reported as raw assessment scores (and not measures of either vocabulary or digit span size).

t-values > 1.96 were considered significant.

Table 1b. Correlations between participant characteristics, comprehension accuracy and

sentence-level measures.

Sentence  Average  Number Forward Number of
reading fixation of saccade regressions
time duration  fixations length
Age 66" .19 63" -.18 58"
Comprehension _13 03 -13 -.04 -.13
Accuracy
Formal education -41" -14 -41* 15 -.33"
Visual acuity (3 m) 27 17 26 -14 257
Visual acuity (40 cm) 13 -.01 12 .03 .04
Vocabulary knowledge 17 -01 16 -.16 14
Digit span -27 -.07 -22" -.01 -32"

Note. Comprehension accuracy relates to comprehension questions used in the eye movement

experiment. Pearson correlations were considered significant where p <.05.



Table 2. Means and statistics for age-group effects in sentence-level measures

Measures Age Group Statistics

Young Adults  Older Adults b SE 1z d
Sentence reading time (ms) 3728 (28) 5813 (48) 0.42 0.05 7.67* 1.06
Average fixation duration (ms) 244 (1) 252 (1) 0.03 0.02 1.44 A2
Number of fixations 13.1(.1) 19.1(.1) 0.35 0.05 7.22% .97
Forward saccade length (characters) 2.68 (.02) 2.44 (.11) -0.09 0.05 -1.95 27
Number of regressions 3.25(.04) 5.12 (.06) 0.47 0.07 6.46* .76

Note. The Standard Error of the Mean is shown in parentheses. Asterisks indicate statistically significant effects at t/z > 1.96. Effect sizes (d)
were calculated by dividing beta values (b) by the square root of variances for intercepts, slopes and residuals, as described by Brysbaert and

Stevens (2018).
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Table 3. Means for word-level measures
Young Adults Older Adults
Number of N1 Valid N1 Invalid N1 Valid N1 Invalid
observations
in analysis N2 Valid N2 Invalid N2 Valid N2 Invalid N2 Valid N2 Invalid N2 Valid N2 Invalid
Word N
FFD 3552 253 (4) 250 (4) 252 (5) 253 (4) 274 (5) 269 (4) 271 (5) 276 (5)
SFD 2674 250 (5) 247 (4) 250 (5) 255 (5) 268 (6) 266 (5) 261 (5) 272 (5)
GD 3548 294 (7) 289 (7) 303 (8) 311 (9) 372 (10) 378 (10) 398 (13) 385 (10)
Word N+1
FFD 2055 265 (7) 282 (9) 287 (7) 313 (8) 280 (7) 304 (7) 309 (7) 308 (7)
SFD 1834 263 (7) 280 (9) 290 (8) 319 (8) 278 (7) 306 (8) 310 (8) 306 (8)
GD 2054 271 (7) 310 (12) 324 (9) 338 (9) 306 (9) 344 (11) 338 (9) 347 (10)
SP 3556 53 (.02) 53 (.02) 48 (.02) 45 (.02) .39 (.02) .33 (.02) .33 (.02) .32 (.02)
Word N+2
FFD 2306 289 (8) 285 (6) 271 (7) 279 (6) 294 (6) 289 (7) 294 (7) 295 (7)
SFD 2078 288 (7) 288 (7) 272 (7) 281 (7) 298 (7) 295 (8) 293 (8) 301 (7)
GD 2305 302 (9) 304 (8) 290 (8) 298 (8) 324 (8) 332 (9) 327 (10) 325 (8)
SP 3556 43 (.02) .37 (.02) .37 (.02) .35 (.02) .32 (.02) .30 (.02) .34 (.02) .32 (.02)

Note: SP = word skipping; FFD = first fixation duration; SFD = single fixation duration; GD = gaze duration. The Standard Error of the Mean is

shown in parentheses.
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Table 4. Summary of Statistical Effects for Word-Level Analyses
Measure Effect b Cl SE t/z d
Word N
Intercept 551 [5.47,554] .02 33154
Word N+1 .01 [-.01,.03] .01 .56
Word N+2 .00 [-.01,.03] .01 39
FED Age-Group .07 [.01,.12] .03 2.30* 19
Word N+1xWord N+2 .01 [-.03,.05] .02 49
Word N+1x Age-Group .01 [-.03,.05] .02 .55
Word N+2x Age-Group .01 [-.03,.05] .02 .50
Word N+1xWord N+2x Age-Group .03 [-.05,.11] .04 .70
Intercept 550 [5.47,554] .02 323.76
Word N+1 .01 [-.01,.03] .01 .79
Word N+2 01 [-.01,.04] .01 1.20
SED Age-Group 07 [.02,.13] .03 2.52* 19
Word N+1xWord N+2 .03 [-.02,.07] .02 1.19
Word N+1x Age-Group -01 [-.05,.04] .02 -.34
Word N+2x Age-Group .02 [-.03,.06] .02 .70
Word N+1xWord N+2x Age-Group .04 [-.05,.13] .05 .90
Intercept 569 [5.645.74] .03 216.28
Word N+1 .02 [-.00,.05] .01 1.67
Word N+2 01 [-.02,.04] 01 .66
GD Age-Group 21 [.12,.29] .04 4.95* 40
Word N+1xWord N+2 .00 [-.06,.06] .03 -.07
Word N+1x Age-Group -.01 [-.06,.05] .03 -14
Word N+2x Age-Group .02 [-.04,.08] .03 .76
Word N+1xWord N+2x Age-Group -01 [-.12,.11] .06 -.13
Word N+1
Intercept 559 [5.555.62] .02 298.33
Word N+1 .07 [.03,.10] .02 3.79* 17
Word N+2 .04 [.01,.07] .02 2.62* .10
FED Age-Group .02 [-.05,.09] .04 53
Word N+1xWord N+2 -03 [-.09,.04] .04 -.79
Word N+1x Age-Group -.04 [-.11,.03] .04 -1.04
Word N+2x Age-Group -.02 [-.08,.04] .03 -.62
Word N+1xWord N+2x Age-Group -14 [-.27,-02] .07  -2.20* 35
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Intercept 559 [5.56,5.63] .02 294.90
Word N+1 .08 [.04,.12] .02 3.91* 21
Word N+2 .05 [.01,.08] .02 2.60* 15

SFD Age-Group .02 [-.05,.09] .04 .65
Word N+1xWord N+2 -.03 [-.10,.05] .03 -71
Word N+1x Age-Group -.06 [-.14,.02] .04 -1.60
Word N+2x Age-Group -.02 [-.09,.05] .04 -.50
Word N+1xWord N+2x Age-Group -16 [-.31,-.02] .07 -2.23* 41
Intercept 566 [5.61,5.70] .02 270.15
Word N+1 09 [.05,.13] 02  4.36* 21
Word N+2 .06 [.02,.09] .02 3.27* A3
Age-Group .03 [-.04,.11] .04 87

cb Word N+1xWord N+2 -07 [-.14,-00] .04  -1.98* 15
Word N+1x Age-Group -07 [-.15,.01] .04 -1.77
Word N+2x Age-Group .06 [-.07,.08] .04 15
Word N+1xWord N+2x Age-Group -07 [-.21,.08] .07 -91
Intercept -28 [-.46,-11] .09 -3.25
Word N+1 -20 [-.35,-.06] .07 -2.76* .28
Word N+2 -11 [-.25,.04] .08 -1.41

. Age-Group -65 [-97,-32] .17 -3.91* .83
Word N+1xWord N+2 .09 [-.20,.37] 15 .60
Word N+1x Age-Group 10 [-.19, .38] 15 .67
Word N+2x Age-Group =12 [-.42, .17] A5 -.81
Word N+1xWord N+2x Age-Group 28  [-.29, .86] .29 97

Word N+2
Intercept 558 [5.55,5.61] .02 358.73
Word N+1 -02 [-.05,.02] .02 -1.02
Word N+2 .00 [-.03,.04] .02 .28

FFD Age-Group .03 [-.03,.09] .03 97
Word N+1xWord N+2 .05 [-.01,.11] .03 1.59
Word N+1x Age-Group .04 [-.02,.10] .03 1.26
Word N+2x Age-Group -.03 [-.10,.03] .03 -1.06
Word N+1xWord N+2x Age-Group 01 [-11,.14] .06 .23
Intercept 559 [5.56,5.62] .02 34231
Word N+1 -02 [-.06,.01] .02 -1.19

SFD Word N+2 .01 [-.02,.05] .02 .86
Age-Group .04 [-.02,.11] .03 1.35
Word N+1xWord N+2 .06 [-.01,.12] .03 1.74
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Word N+1x Age-Group .03 [-.04,.10] .04 81

Word N+2x Age-Group -.03 [-.10,.03] .03 -.93

Word N+1xWord N+2x Age-Group .03 [-.10, .16] .07 51

Intercept 564 [5.61,5.68] .02 313.96

Word N+1 -01 [-.05,.02] .02 -.78

Word N+2 .02 [-.03,.06] .02 .85 .
GD Age-Group .07 [.01,.14] .03 2.11* 040

Word N+1xWord N+2 .03 [-.04,.11] .04 .83

Word N+1x Age-Group .01 [-.06,.09] .04 .39

Word N+2x Age-Group -.02 [-.10,.05] .04 -.58

Word N+1xWord N+2x Age-Group 01 [-.14, .16] .08 A1

Intercept -63 [-.76,-51] .06 -9.96

Word N+1 -05 [-21,.11] .08 -.70

Word N+2 -14 [-.30,.02] 08  -1.99* 0.26

Age-Group -22 [-45,-01] .11  -2.01* 0.50
sP Word N+1xWord N+2 .09 [-.20,.38] 15 .65

Word N+1x Age-Group 24 [-.05, .56] 16 1.56

Word N+2x Age-Group A1 [-.18, .42] 15 73

Word N+1xWord N+2x Age-Group -19 [-.79,.37] 29 -.66

Note. Asterisks indicate statistically significant effects at t/z > 1.96. Effect sizes (d) for
critical comparisons were calculated by dividing beta values (b) by the square root of

variances for intercepts, slopes and residuals, as described by Brysbaert and Stevens (2018).



