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Abstract

The current study investigated whether word integration follows a strictly sequential order during natural Chinese reading.
Chinese readers’ eye movements were recorded when they read sentences containing a three-character string (ABC), where
BC was always a two-character word and AB was also a two-character word in the overlapping condition but not a word in
the non-overlapping condition. We manipulated the extent to which word BC was plausible as an immediate continuation
following prior context (cross-word plausibility); the string AB was always implausible given the prior context, and the sen-
tence continued in a manner that was compatible with A-BC. The results showed that there were longer second-pass reading
times on the string ABC region in the cross-word plausible condition than those in the cross-word implausible condition in
both the overlapping condition and the non-overlapping condition. These results imply that readers do not always integrate
words strictly in the order in which they appear in Chinese reading.

Keywords Chinese reading - Eye movements - Prior context - Word integration

Introduction

Due to constraints in retinal visual acuity and visual atten-
tion, readers can perceive new information from a limited
region within a fixation called the perceptual span (Rayner,
1975). How readers perceive new visual information within
the perceptual span and how they integrate newly acquired
information have been interesting questions in the last dec-
ades for both alphabetic and logographic writing systems
(Reichle, Liversedge et al., 2009; Snell & Grainger, 2019a).

One interesting question regarding how words are pro-
cessed within the perceptual span is whether words are
integrated in a strictly sequential order. While some theo-
ries suggest words are integrated sequentially as presented
(Reichle, Warren et al., 2009), others assume words are not
integrated into context in a strictly sequential order (Gibson
et al., 2013; Huang & Staub, 2021, 2023). Integrating words
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in correct order is important for accurate language compre-
hension. For example, if readers do not integrate words in
the order in which they appear, they cannot differentiate “a
dog bites a man” from “a man bites a dog.” This fact sup-
ports the argument that readers integrate words in a strict
sequential order. However, some studies showed that read-
ers did not always do so. For example, Gibson et al. (2013)
showed that readers might ignore word N (the currently fix-
ated word) and integrate word N+1 (the right word of the
currently fixated word) directly into context. Recent studies
on the transposed-word effect also suggested that readers
did not always integrate words sequentially, and word N+1
might be integrated earlier than word N (Huang & Staub,
2021; Mirault et al., 2018; Snell & Grainger, 2019a, 2019b).
These studies showed that readers sometimes failed to notice
word transposition errors, reporting an ungrammatical sen-
tence with two transposed words (e.g., The white was cat
big) to be grammatical. The transposed-word effect was
found even when words were presented serially (Hossain
& White, 2023; Huang & Staub, 2023; Liu et al., 2022;
Milledge et al., 2023; Mirault et al., 2022; but see Snell &
Nogueira-Melo, 2024).

The question regarding how words within the perceptual
span are processed is more challenging and interesting in
Chinese, because it is a distinct writing system with several
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unique properties (Li et al., 2022). Chinese text is written by
characters located within equal-sized boxes, without spaces
explicitly marking word boundaries. For this reason, Chi-
nese readers cannot easily segment words using low-level
visual information provided by inter-word spaces as their
English counterparts do. These unique properties might
cause Chinese readers to integrate information differently
while reading.

Using overlapping ambiguous strings (OASs) as stimuli,
Huang et al. (2021) have showed that Chinese readers may
not always integrate words strictly sequentially into context.
An OAS usually consists of three characters (ABC, denoting
characters from left to right), where the middle character
can form different words with characters on its left (word
AB) and its right (word BC). For example, for the OAS “77
L&, the left two characters form a word “#73k” (mean-
ing take the lead) and the right two characters form another
word “3k & (meaning hair). Huang et al. manipulated the
extent to which the right-side word (BC) was plausible as an
immediate continuation following pre-OAS context, which is
referred to as cross-word plausibility hereafter (see Table 1
for examples). They found longer gaze durations and higher
regression-in probabilities on the ABC region when word
BC was more plausible given sentence context prior to A,
indicating readers sometimes ignored word A and integrated
word BC directly.

The findings of Huang et al. (2021) were discussed in the
framework of the Chinese Reading Model (CRM,; Li & Pollatsek,
2020). CRM assumes that all words in the perceptual span are
activated during reading, and words that overlap in space com-
pete for a winner. Factors such as word frequency and left-side
advantage affect word competition. Once a word wins the compe-
tition, it is identified and segmented from the text simultaneously.
Therefore, CRM assumes that word segmentation and word iden-
tification is a unified process. Huang et al. suggested that prior
context might also affect word competition when processing

Table 1 Examples of stimuli in Experiment 1 in Huang et al. (2021)

OAS:s. If word BC is plausible give prior-A context, word BC
is more likely to be segmented as a word than when word BC is
implausible. It should be noted that CRM did not implement a
syntactic or a semantic component, thus it cannot simulate how
sentence context affects word segmentation. The results of Huang
et al. suggest that the syntactic and semantic components should
be implemented in the future. In Huang et al.’s experiments, word
AB was always plausible because the correct segmentation of
sentences was AB-C. Compared with the less cross-word plau-
sible condition where only word AB was plausible, the competi-
tion between words AB and BC was stronger in the more cross-
word plausible condition because both words AB and BC were
plausible, which led to longer gaze durations. They inferred that
word BC won the competition more frequently when its cross-
word plausibility was high. When word BC won the competition,
readers might ignore word A and directly integrate word BC into
context.

Notably, Huang et al. (2021) used OASs as stimuli, leav-
ing it unclear whether their findings apply to text that does
not include OASs. For most character strings, neighboring
words do not overlap spatially and CRM assumes they do
not compete with each other. If words N and N+1 do not
overlap, do Chinese readers still integrate words out of order
sometimes? This is the question we asked in the present
study. The answer to this question can help us to under-
stand at what stage the cross-word plausibility effects occur.
Huang et al. suggested that prior context might influence the
word segmentation stage when the target strings are OASs.
In the present study, we also used non-overlapping strings
in which word boundaries were not ambiguous. Therefore,
prior context does not influence the outcome of word seg-
mentation, and it can exert an effect only after the word
segmentation stage, likely during the word integration
stage. Therefore, if we find that Chinese readers sometimes
integrate words out of order for words without ambiguous

Condition Introduction

Example/Translation

More cross-word plausible Stimuli
The whole sentence

Prior context + word AB
Prior context + word BC
Less cross-word plausible Stimuli

The whole sentence

Prior context + word AB

Prior context + word BC

SR A k- R AR AR EE N

Zhang Ming said he had taken the lead in hand-
ing out leaflets to passers-by.

Zhang Ming said he had taken the lead...

Zhang Ming said he had hair...

AL HITREA K- A g iR A

Zhang Ming who was experienced fook the lead
in handing out leaflets to passers-by.

Zhang Ming who was experienced fook the lead...

Zhang Ming who was experienced hair...

The overlapping ambiguous strings (OASs) are in bold and the hyphens are added for illustrative purposes, but the characters were not bolded or
segmented in the experiment. The OAS, word AB and word BC in the corresponding translation are in italics
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boundaries, it suggests that the cross-word plausibility effect
can happen after the word segmentation stage.

There are two possible answers to our question. One is
that word integration occurs strictly in a sequential manner,
where readers integrate each word sequentially in the direc-
tion of reading. This aligns with the assumptions of some
computational models of reading, such as the E-Z Reader
model (Reichle, Warren et al., 2009).

The other possibility is that Chinese readers do not always
integrate words strictly in the order they appear; instead,
later words may sometimes be integrated into context
before earlier ones. The noisy channel model makes similar
assumptions (Gibson et al., 2013). According to this model,
readers sometimes unconsciously correct errors in text based
on their own experience and knowledge, making non-literal
but reasonable interpretations. For example, when an extra
word is inserted into text, readers may automatically ignore
the “strange” word and directly integrate the subsequent text
into the sentence. However, few studies explored whether
readers also ignore individual characters in totally correct
text and integrate later words directly into the sentence.

In this study, we report an eye-tracking experiment that
examined whether word integration is strictly sequential
in Chinese reading. We embedded a three-character string
ABC in sentences to investigate whether readers sometimes
ignore word A and directly integrate word BC into sentence
context. We manipulated the plausibility of word BC given
preceding context before word A (cross-word plausibility) to
investigate whether readers integrate word BC into context
while ignoring word A in some situations. We also manipu-
lated whether characters A and B constitute a two-character
word to investigate whether the integration process is differ-
ent when the string ABC is an OAS or not. Because BC was
always a word, the string ABC formed an OAS if characters
A and B constituted a word, but the string was not an OAS
if characters A and B did not constitute a word.

The two possible answers above make different predic-
tions regarding second-pass reading times on the string
ABC region. If Chinese readers integrate words in a strictly
sequential order, second-pass reading times on the string
ABC region will be comparable between two different cross-
word plausibility conditions. Conversely, if Chinese readers
do not integrate words in a strictly sequential order, when
word BC is plausible given the pre-A context, readers might
mistakenly integrate BC into context. However, because
ignoring word A will make sentences hard to interpret when
reading the subsequent text, readers might need to make a
regressive eye movement to fix the mistake, which leads to
longer second-pass reading times. In contrast, when word
BC is implausible given pre-A context, readers integrate it
into context only after integrating word A during the first-
pass reading. Therefore, readers will encounter less difficul-
ties when they read the subsequent text and do not need to go

back to the string ABC region to reread, leading to shorter
second-pass reading times. In summary, if Chinese readers
do not integrate words strictly in the order in which they
appear, there will be longer second-pass reading times on
the string ABC region in the cross-word plausible condition
than those in the cross-word implausible condition.

The manipulation of whether the string ABC is an OAS
or not can help us to understand whether Chinese readers
integrate an OAS differently from other regular character
strings. Because Huang et al. (2021) have found the cross-
word plausibility effect on OASs, if whether the three-char-
acter string is an OAS or not does not affect the integration
process, we expect similar results for two overlapping type
conditions. Otherwise, the cross-word plausibility effect
only occurs when the string ABC is an OAS, but not when
itis not an OAS.

Methods
Participants

One hundred and fifteen college students (88 females; age
range 18-30 years, M = 23.34 years, SE = .20) partici-
pated in the experiment. Given the number of trials in each
condition, this yielded 1,610 total observations per condi-
tion, which is comparable to the recommendation of Brys-
baert and Stevens (2018) for well-powered within-subjects
designs. All participants were native Chinese speakers with
normal or corrected-to-normal vision, and no self-reported
history of reading or language disorders. Informed consent
was obtained for each participant.

Materials and design

A total of 56 words were chosen as target words (BC),
which were medium-frequency words (Lexicon of Com-
mon Words in Contemporary Chinese Research Team,
2008). Each word BC was paired with a character (char-
acter A) to form a three-character string ABC. In the over-
lapping condition, character A was a single-character word
and characters A and B also constituted a two-character
word (word AB). For example, in the string “FRF{ /%",
character A “FR” and character B “H{” formed a word *
ER AT (meaning in front of), and character B “Hi” and
character C “/-” formed another word “Fj{f:” (meaning
ex). The word frequency (AB: M = 10.92 occurrences
per million, SE = 1.31, ranging between 1.50 and 44.51;
BC: M = 13.94 occurrences per million, SE = 1.37, rang-
ing between 1.48 and 43.42, #(55) = -1.58, p = .120) and
stroke number (AB: M = 14.23, SE = .54, ranging between
7 and 26; BC: M = 15.11, SE = .59, ranging between 9 and
27, t(55) = -1.56, p = .124) were matched between words

@ Springer



Psychonomic Bulletin & Review

Interaction

Plausibility

Overlapping type

Implausible

Non-overlapping

Plausible

Implausible

Overlapping
Plausible

Table 2 Properties of the stimuli
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F(1,55) = 0.02, p

F(1,55)=0.12, p = .731 F(1,55)=1.85,p=.180

5.59 (0.08)

5.50 (0.09)

5.57 (0.08)

5.46 (0.08)

Plausibility of the whole

879
F(1,55) = 0.07, p

Range: 4.0-6.6
4.86 (0.16)

Range: 4.1-6.6
4.80 (0.15)

Range: 4.3-6.7
4.66 (0.14)

Range: 4.0-6.6

Plausibility: prior context +  4.65 (0.14)

sentence

F(1,55) = 0.06, p = .805

F(1,55)=1.82,p=.183

798

Range: 1.7-6.4

Range: 1.8-6.5

Range: 2.5-6.8
3.09 (0.08)

Range: 2.4-6.7
3.22 (0.07)

string ABC
Plausibility: prior context +

(110) = 1.22, p = 225

Range: 1.6-3.9
2.72 (0.08)

Range: 1.8-3.9

word AB
Plausibility: prior context +  5.27 (0.09)

F(1,55)=0.21,p

F(1,55) =474.69, p < .001

F(1,55)=0.88,p =.354

2.73 (0.08)

5.30 (0.09)

.647
F(1,55)=3.11,p

Range: 4.2-6.8 Range: 1.5-3.9 Range: 4.3-6.8 Range: 1.5-3.9

word BC
Sentence length

F(1,55)=0.42,p =518 F(1,55)=0.22,p = .644

18.29 (0.32)

18.29 (0.30)

18.18 (0.32)

18.29 (0.31)

.083

~1.08, p = .283

#(110)

1,423.92 (176.79)

1,752.36 (247.45)

Word frequency of character

~1.49, p = .140

#(110)

1,672.56 (205.33)

2,211.34 (298.37)

Character frequency of

character A

~0.45, p = 652

7.02 (0.37) #(110)

7.25(0.36)

Stroke number of character

Standard errors are given in parentheses. The units of word frequency and character frequency are the number of occurrences per million

AB and BC. In the non-overlapping condition, character
A was also a single-character word but characters A and
B could not constitute a word. For example, in the string *
FHHTAE”, character A “F1” and character B “H{” could not
form a word, but character B “Hij” and character C “{£”
formed a word “HI{L:” (meaning ex). The character and
word frequency and stroke number of character A were not
significantly different between the overlapping and non-
overlapping conditions (see Table 2 for details).

Each three-character string ABC was embedded into four
sentences (see Table 3 for examples). In the sentences, the
correct segmentation of the string ABC was always A-BC.
We manipulated the extent to which word BC was plausible
given the preceding context before word A, in the case of
ignoring word A. This results in a cross-word plausible con-
dition and a cross-word implausible condition. For example,
in the cross-word plausible condition, given a preceding
context “Uth '~ Y Lol #H” (meaning She was determined to
delete), word BC “Hi{T:” (meaning her ex) was plausible.
In contrast, for the cross-word implausible condition, given
a preceding context “UWhPE A PHZHL” (meaning She impul-
sively), word BC “HjfE” (meaning her ex) was implausible.
Therefore, the design was a 2 (overlapping type: overlap-
ping vs. non-overlapping) X 2 (plausibility: plausible vs.
implausible) within-participant and within-item design.
We made every effort to minimize differences in stimuli
across conditions. The target strings (ABC) were the same
in the plausible and implausible conditions, and the sen-
tence frames were identical for the overlapping and non-
overlapping conditions.

We conducted four norming studies to assess the plau-
sibility of word BC, strings AB and ABC and whole sen-
tences on a 7-point scale (1 = very implausible, 7 = very
plausible). A total of 120 native Chinese speakers who
did not participate in the main experiment were recruited.
Forty participants were assigned to one of four counterbal-
anced lists and asked to rate the plausibility of string ABC,
and another 40 participants were asked to rate the plausibil-
ity of whole sentences. Twenty participants were assigned
to one of two counterbalanced lists and were asked to rate
the plausibility of word AB, and another 20 participants
were asked to rate the cross-word plausibility of word BC.
When participants rated the cross-word plausibility of word
BC, they were only presented with “prior context + word
BC” without word A in the sentence fragment (e.g., “Ih
YO P BT AT /<Lt IR 9 pp s Hu AT /£7). The instructions
received by the participants were: “All sentences you see
are incomplete, please rate the plausibility of sentences so
far.” The results showed that the cross-word plausibility of
the right-side words (BC) was rated significantly higher in
the plausible condition than that in the implausible condi-
tion. Within each item, the plausibility value in the plausi-
ble condition was greater than 4 and that in the implausible
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Table 3 Examples of stimuli in the Experiment

Overlapping type  Cross-word plausibility  Introduction Example/Translation
Overlapping Plausible Stimuli Ut e O s R - AT — AL HA I B SR R
The whole sentence She was determined to delete all intimate photos she had taken with
her ex
Prior context + word AB She was determined to delete in front of her...
Prior context + word BC She was determined to delete her ex...
Prior context + string ABC ~ She was determined to delete with her ex ...
Implausible Stimuli W R R A T EE A EA D
The whole sentence She regretted impulsively telling her ex that she wanted to get back
together
Prior context + word AB She impulsively in front of her...
Prior context + word BC She impulsively her ex...
Prior context + string ABC ~ She impulsively with her ex ...
Non-overlapping  Plausible Stimuli Tt e O I R A — 4T R T SR
The whole sentence She was determined to delete all intimate photos she had taken with
her ex
Prior context + string AB She was determined to delete and before...
Prior context + word BC She was determined to delete her ex...
Prior context + string ABC ~ She was determined to delete with her ex ...
Implausible Stimuli W KA S R -RTAE U T EE AR AT

The whole sentence

Prior context + string AB

Prior context + word BC

Prior context + string ABC

She regretted impulsively telling her ex that she wanted to get back
together

She impulsively and before. ..
She impulsively her ex...

She impulsively with her ex ...

The strings ABC are in bold and the hyphens are added for illustrative purposes, but the characters were not bolded or segmented in the experi-
ment. The string ABC, word/string AB and word BC in the corresponding translation are in italics

condition was smaller than 4. Because characters A and B
could not form a word in the non-overlapping condition, the
plausibility of string AB was low. To ensure consistency,
we controlled the plausibility of word AB in the overlap-
ping condition, maintaining values below 4, which showed
no significant difference between the plausible and implau-
sible conditions. The plausibility of whole sentences and
string ABC and sentence lengths were comparable across
conditions (see Table 2 for details). To make sure readers
do not predict any part of the target strings (ABC), we also
assigned 20 participants who did not participate in the main
experiment to one of two counterbalanced lists and asked
them to write down the words they predicted after reading
the preceding context. The predictability of words A, AB,
or BC in the string ABC was close to zero (0.01, 0, 0.01
in the overlapping plausible condition; 0.03, 0, O in the
overlapping implausible condition; 0.01, 0, 0.01 in the non-
overlapping plausible condition; 0.01, 0, O in the non-over-
lapping implausible condition). Given our effort to control
the material properties cross conditions, any discrepancies

observed in the results should be primarily attributed to the
independent variables that we manipulated.

Apparatus

Participants’ eye movements were recorded using an SR
Research Eyelink 2000 eye-tracking system with a sampling
rate of 1,000 Hz. The materials were presented on a 21-in.
cathode-ray tube monitor (resolution: 1,024 x 768 pixels;
refresh rate: 150 Hz) connected to a Dell personal computer.
Each sentence was displayed on a single line in Song 20-pt
font, and the characters were shown in white (RGB: 255, 255,
255) on a black background (RGB: 0, 0, 0). A chin rest and
forehead rest were employed to minimize head movement
during the entire experiment. Participants were seated 58
cm from the computer screen; at this distance, one character
subtended a visual angle of approximately 0.7°. For each par-
ticipant, the viewing was binocular, but only the right eye was
monitored. The experiment was programmed with the Eye-
Track software developed by the UMASS Eye Tracking Lab.
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Procedure

When participants came into the lab, they were given the
experimental instructions and a brief description of the appa-
ratus. The eye tracker was calibrated at the beginning of the
experiment and again during the experiment as needed. A
three-point calibration and validation procedure were used,
and the maximal error of validation was below 0.5° visual
angle. Each sentence appeared after participants fixated on
a character-sized box at the location of the first character
of each sentence. Next, each participant read six sentences
for practice, followed by 56 experimental sentences and 56
filler sentences in a random order. Participants were asked
to read the sentences silently and to answer comprehension
questions following one third of the sentences. After read-
ing each sentence, they pressed a response button to start
the next trial.

Data analysis

We conducted separate analyses on the string ABC region
and the word BC region. The reason why we conducted the
analysis on the BC regions was that BC consistently forms
a word across different conditions; therefore, any observed
differences can only be attributed to whether the string ABC
region has spatially overlapping words. We analyzed the fol-
lowing eye-movement measures: (1) first fixation duration is
the duration of the first fixation on the target region during
first-pass reading; (2) gaze duration is the summed duration
of all first-pass fixations on the target region before moving
on to other words; (3) go-past time is the summed duration
starting when entering the target region until this region’s
right boundary is crossed; (4) second-pass reading time is
the summed duration of all fixations on the target region
following the first-pass reading (including zero times when
the target region is not fixated, see Clifton et al., 2007), (5)
regression-in probability is the percentage of regressions
made back to the target region after leaving it.

Data were analyzed using linear mixed-effects mod-
els (LMMs) for continuous variables and generalized lin-
ear mixed-effects models (GLMMs) for binary variables.
We used the (generalized) linear mixed-effects models to
directly test theoretically motivated hypotheses using the fol-
lowing three customized contrasts (Schad et al., 2020): (1)
assessing the effect of overlapping type (overlapping condi-
tion vs. non-overlapping condition), (2) testing whether the
two levels of cross-word plausibility differ significantly for
the overlapping condition, and (3) testing whether the two
levels of cross-word plausibility differ significantly for the
non-overlapping condition. We specified the participants
and items as crossed random effects, including intercepts
and slopes (Baayen et al., 2008). Following Barr et al.
(2013), we used the maximal model that could converge.

@ Springer

We first constructed a model with a maximal random factor
structure. When the maximal model failed to converge, we
used a zero-correlation parameter model and dropped the
random components that generated the smallest variances
(see Appendix Tables 8 and 9 for the final random compo-
nents). The Imer and glmer functions from the Ime4 package
(Bates et al., 2015) were used. We report the regression coef-
ficients (bs, which estimate the effect size), standard errors
(SEs), t-values (for durations), z-values (for binary depend-
ent variables), and corresponding p-values. We estimated
and reported the p-values for the effects using the summary
function of the ImerTest package (Kuznetsova et al., 2017).
Fixation duration measures were log-transformed, except for
second-pass reading times, which included values of zero.

The mean accuracy of the comprehension questions was
95%, indicating that the participants understood the sen-
tences well. Trials in which participants made more than
three blinks while reading the entire sentence or made one
or more blinks on the string ABC region were excluded
from analyses, resulting in the exclusion of 4.94% of the
trials. One subject was excluded because the accuracy rate
was too low (63%) and five subjects were excluded because
more than one third trials were deleted due to making too
many blinks. Fixations with durations longer than 1,000
ms or shorter than 80 ms (approximately 1.75%) were also
excluded from analysis.

Results
The string ABC region

Second-pass reading times were longer in the overlapping
condition (M = 369 ms, SE = 20) compared to the non-
overlapping condition (M = 277 ms, SE = 16). Second-pass
reading times were significantly longer in the cross-word
plausible condition than the cross-word implausible condi-
tion for both the overlapping and non-overlapping strings
(overlapping and plausible condition: M = 401 ms, SE =
24; overlapping and implausible condition: M = 336 ms, SE
= 19; non-overlapping and plausible condition: M = 299
ms, SE = 18; non-overlapping and implausible condition:
M = 256 ms, SE = 17). First fixation durations and gaze
durations showed no significant difference between the over-
lapping and non-overlapping conditions, nor between the
cross-word plausible and implausible conditions in either
condition. Go-past times were longer in the overlapping
condition (M = 688 ms, SE = 23) compared to the non-
overlapping condition (M = 620 ms, SE = 19), despite the
lack of a significant cross-word plausibility effect. However,
the difference in regression-in probabilities showed a trend
of difference between the overlapping condition (M = .43,
SE = .02) and the non-overlapping condition (M = .39, SE =
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.02). Additionally, in the non-overlapping condition, regres-
sion-in probabilities were higher in the cross-word plausible
condition compared to the cross-word implausible condition,
while in the overlapping condition, regression-in probabili-
ties were comparable between the cross-word plausible and
implausible conditions. Detailed eye-movement measures
and fixed-effect estimates from the (G)LMMs for all meas-
ures on the string ABC region are shown in Tables 4 and 5.

The word BC region

All measures were larger in the overlapping condition (first
fixation durations: M = 296 ms, SE = 5; gaze durations:
M = 362 ms, SE = 9; go-past times: M = 572 ms, SE =
17; second-pass reading times: M = 269 ms, SE = 15;
regression-in probabilities: M = .36, SE = .01) than those
in the non-overlapping condition (first fixation durations:
M = 281 ms, SE = 4; gaze durations: M = 331 ms, SE

Table 4 Eye-movement measures on the string ABC region

= 7; go-past times: M = 501 ms, SE = 15; second-pass
reading times: M = 195 ms, SE = 12; regression-in prob-
abilities: M = .32, SE = .02). First fixation durations, gaze
durations, and go-past times were comparable between the
cross-word plausible and implausible conditions in both
the overlapping and non-overlapping conditions. Second-
pass reading times were significantly longer in the cross-
word plausible condition than the implausible condition
in the non-overlapping condition, while the difference
was marginally significant in the overlapping condition.
Regression-in probabilities showed a marginally sig-
nificant difference between the cross-word plausible and
implausible conditions in the non-overlapping condition,
while they were comparable between the cross-word plau-
sible and implausible conditions in the overlapping con-
dition. Detailed eye-movement measures and fixed-effect
estimates from the (G)LMMs for all measures on the word
BC region are shown in Tables 6 and 7.

Measures Overlapping Non-overlapping
Plausible Implausible Plausible Implausible
First fixation duration (ms) 286 (5) 288 (5) 280 (5) 283 (4)
Gaze duration (ms) 490 (16) 481 (14) 460 (14) 459 (14)
Go-past time (ms) 696 (26) 678 (25) 623 (22) 615 (21)
Second-pass reading time (ms) 401 (24) 336 (19) 299 (18) 256 (17)
Regression-in probability 44 (.02) 42 (.02) 42 (.02) .37 (.02)
Table 5 Results of the (generalized) linear mixed-effects models on the string ABC region
Measures Fixed effect Estimate SE 1/z p
First fixation duration Overlapping type -0.01 0.01 -1.23 223
Non-overlapping: Plausible vs. Implausible -0.01 0.01 -0.79 431
Overlapping: Plausible vs. Implausible -0.01 0.01 -0.56 .580
Gaze duration Overlapping type -0.04 0.03 -1.54 129
Non-overlapping: Plausible vs. Implausible 0.01 0.02 0.49 .624
Overlapping: Plausible vs. Implausible 0.001 0.02 0.06 955
Go-past time Overlapping type -0.08 0.04 -2.10 040
Non-overlapping: Plausible vs. Implausible 0.02 0.04 0.52 .607
Overlapping: Plausible vs. Implausible 0.01 0.04 0.20 .841
Second-pass reading time Overlapping type -94.58 30.51 -3.10 .003
Non-overlapping: Plausible vs. Implausible 43.76 21.55 2.03 047
Overlapping: Plausible vs. Implausible 64.49 31.24 2.06 044
Regression-in probability Overlapping type -0.20 0.10 -1.93 .054
Non-overlapping: Plausible vs. Implausible 0.22 0.09 2.38 017
Overlapping: Plausible vs. Implausible 0.09 0.10 0.86 .389

Significant effects are indicated in bold
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Table 6 Eye-movement measures on the word BC region

Measures Overlapping Non-overlapping
Plausible Implausible Plausible Implausible
First fixation duration (ms) 295 (6) 296 (5) 280 (5) 283 (4)
Gaze duration (ms) 365 (11) 359 (9) 331 (8) 329 (7)
Go-past time (ms) 590 (23) 555 (18) 496 (17) 506 (17)
Second-pass reading time (ms) 293 (18) 246 (14) 211 (13) 180 (12)
Regression-in probability .37 (.02) .35 (.02) .33 (.02) .30 (.02)
Table 7 Results of the (generalized) linear mixed-effects models on the word BC region
Measures Fixed effect Estimate SE t/z )4
First fixation duration Overlapping type -0.04 0.01 -4.26 <.001
Non-overlapping: Plausible vs. Implausible -0.02 0.01 -1.33 184
Overlapping: Plausible vs. Implausible -0.01 0.02 -0.40 .694
Gaze duration Overlapping type -0.08 0.02 -4.46 <.001
Non-overlapping: Plausible vs. Implausible -0.001 0.02 -0.06 951
Overlapping: Plausible vs. Implausible 0.002 0.03 0.06 .950
Go-past time Overlapping type -0.11 0.04 -2.71 .009
Non-overlapping: Plausible vs. Implausible -0.01 0.04 -0.18 .856
Overlapping: Plausible vs. Implausible 0.04 0.04 1.01 319
Second-pass reading time Overlapping type -76.99 23.06 -3.34 .002
Non-overlapping: Plausible vs. Implausible 31.93 14.35 2.23 030
Overlapping: Plausible vs. Implausible 46.88 23.83 1.97 .054
Regression-in probability Overlapping type -0.20 0.10 -2.07 039
Non-overlapping: Plausible vs. Implausible 0.16 0.09 1.87 .061
Overlapping: Plausible vs. Implausible 0.09 0.11 0.87 .386

Significant effects are indicated in bold

Discussion

In the present study, an eye-tracking experiment was con-
ducted to investigate whether word integration is strictly
in the order of presentation in natural Chinese reading. We
found that the cross-word plausibility of word BC affected
second-pass reading times. Second-pass reading times in the
cross-word plausible condition were longer than those in the
implausible condition on both the word BC and the string
ABC regions, in both the overlapping and the non-overlapping
conditions. We also found that whether the key three-character
string is an overlapping ambiguous string (OAS) affected all
eye-movement measures on the word BC region, and affected
second-pass reading times and go-past times on the string
ABC region. Reading times were longer when the three-
character string was an OAS compared with when it was not.

The cross-word plausibility effect observed in both the
overlapping and the non-overlapping conditions suggests
that Chinese readers sometimes do not integrate words

@ Springer

strictly in the order of presentation, allowing later words
to be integrated before earlier ones. Put another way, word
BC can be integrated into context directly without integrat-
ing word A in the non-overlapping condition, and without
integrating either word A or word AB in the overlapping
condition. When word BC was cross-word plausible, read-
ers might integrate word BC into context and this would
cause an error. However, when word BC was cross-word
implausible, it was easy for readers to integrate word A
into context because they found word BC was implausi-
ble as an immediate continuation following prior context.
As a result, there were longer second-pass reading times
when word BC was cross-word plausible than when it was
implausible.

The cross-word plausibility effect in the overlapping con-
dition in our experiment aligns with Huang et al. (2021),
which showed longer reading times in the more cross-word
plausible condition compared to the less cross-word plausi-
ble condition. In Huang et al.’s study, all of the stimuli were
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OASs, thus their study could not distinguish whether the
results were caused by the specific properties of OASs. In
the present study, we found the cross-word plausibility effect
in both overlapping and non-overlapping conditions. These
results suggest the cross-word plausibility effect observed by
Huang et al. was not totally caused by the specific properties
of OASs. Thus, word integration may be not strictly sequen-
tial during Chinese reading, regardless of whether sentences
contain an OAS or not.

These findings help us to understand at what stage the
cross-word plausibility effects occur. Huang et al. (2021) sug-
gested that prior context influenced the word segmentation
stage when the target strings are OASs in which words AB
compete with words BC. However, since there were no word
boundary ambiguities in the non-overlapping strings used in
the present study, prior context can exert an effect only after
the word segmentation stage. Therefore, the cross-word plau-
sibility observed in the non-overlapping condition suggests
that this effect can happen after the word segmentation stage.

Why do Chinese readers not integrate words in a strictly
sequential order? The noisy channel model offers one
account (Gibson et al., 2013). According to this model, read-
ers use both bottom-up and top-down information during
reading, making non-literal but more plausible inferences
based on the world knowledge and linguistic knowledge.
When word BC was cross-word plausible, readers might
infer that ignoring word A might be more reasonable for
sentence comprehension, so that they directly integrate word
BC into sentence context. However, this may lead to compre-
hension difficulties when reading the subsequent text, result-
ing in regressive eye movements for correction. In contrast,
when word BC was cross-word implausible, readers might
rely less on inference and were less likely to ignore word A.
In this case, readers would integrate word A first and then
word BC, leading to correct integration order without the
need for corrective eye movements.

Another possibility is that words are integrated to sen-
tence context immediately upon identification, regardless of
presentation order. According to the Chinese Reading Model
(CRM; Li & Pollatsek, 2020), Chinese characters within the
perceptual span are processed in parallel, all words com-
posed of these Chinese characters will be activated, and
any word will be identified as long as the activation degree
exceeds the threshold. In most situations, words are identi-
fied in the order they appear. However, in some special situ-
ations, word N+1 might be identified before word N, leading
to earlier integration of subsequent words. Both accounts
stated above can explain the results of the present study,
warranting further studies to distinguish these possibilities.

The OB 1-reader model provides an explanation on how
word order is encoded during reading (Snell et al., 2017,
2018; Snell & Grainger, 2019a). The model assumes that
multiple words are processed in parallel, and the activated

words are mapped onto a spatiotopic sentence-level rep-
resentation to keep track of word order using word length
information. The OB 1-reader model relies heavily on inter-
word spaces to determine word length, which are used to
map identified words into proper position in the sentence.
But it should be noted that it is very hard to extend OB1-
reader model into Chinese reading because Chinese script
does not use inter-word spaces to demarcate words, and
readers cannot perceive word length with low-level vision.

While both Huang et al. (2021) and the present study
showed words are not always integrated in the order they
appear, the results are not identical. Huang et al found longer
gaze durations when word BC was more cross-word plau-
sible than those when word BC was less plausible. How-
ever, in the present study, we did not find the cross-word
plausibility effect on gaze durations. This difference may
be attributed to different properties of stimuli between the
two experiments. Huang et al.’s experiments manipulated
the frequency of word BC to be higher or lower than word
AB, whereas in our experiment, words AB and BC were
medium-frequency words, and the word frequencies were
comparable between these two words. It is possible that the
cross-word plausibility can only exert an effect on the word
segmentation stage when the activation passes a certain
threshold. In Huang et al., the frequency of word BC was
high enough for its plausibility to influence the competition
between words AB and BC. However, in the present study,
the frequency of word BC was not high enough. As a result,
the cross-word plausibility effect was small and the present
study did not have enough power to detect it on gaze dura-
tions. This argument aligned with Huang et al.’s observa-
tion that the cross-word plausibility effect of gaze durations
diminished when the word frequency of BC was low.

One limitation of the present study is that we did not
distinguish between syntactic plausibility and semantic plau-
sibility. It is unknown whether the cross-word plausibility
effects due to syntactic plausibility and those due to seman-
tic plausibility are different. Future studies are needed to
investigate this question.

We found reading times in the overlapping condition were
significantly longer than those in the non-overlapping condi-
tion, reflected by first fixation durations and gaze durations
on the word BC region. One possible reason is that both
words AB and BC are activated in the overlapping condi-
tion, while only word BC is activated in the non-overlapping
condition. Activation of word AB results in longer reading
times, which aligns with previous studies (Inhoff & Wu,
2005; Perfetti & Tan, 1999). In the overlapping condition,
words AB and BC compete with each other, as character B
can only belong to one word, whereas in the non-overlapping
condition, only word BC is activated without competition.
Word competition may result in longer reading times, which
is consistent with the assumptions of the CRM.
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Conclusion

To summarize, the results of the present study suggest that
Chinese readers sometimes do not integrate words strictly

the findings of Huang et al. (2021), suggesting that word
integration is not strictly sequential even when words are
non-overlapping. Furthermore, the cross-word plausibility
effect can happen after the word segmentation stage.

in the order in which they appear. The present study extends

Appendix

Table 8 Final (Generalized) Linear Mixed-effects Models on the String ABC Region

Measures

Formula

First fixation duration

First pass reading time

Go-past time

Second-pass reading time

Regression-in probability

log(DV) ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + overlapping type + overlapping: plausible vs. implausible Il subject) + (1 + overlapping type + non-
overlapping: plausible vs. implausible + overlapping: plausible vs. implausible Il item)

log(DV) ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + non-overlapping: plausible vs. implausible Il subject) + (1 + overlapping type + non-overlapping:
plausible vs. implausible + overlapping: plausible vs. implausible Il item)

log(DV) ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible | subject) + (1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs.
implausible | item)

DV ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implausible +
(1 + overlapping type Il subject) + (1 + overlapping type + non-overlapping: plausible vs. implausible + overlap-
ping: plausible vs. implausible Il item)

DV ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implausible +
(1 + non-overlapping: plausible vs. implausible Il subject) + (1 + overlapping type + non-overlapping: plausible
vs. implausible + overlapping: plausible vs. implausible Il item)

DV, dependent variable

Table 9 Final (Generalized) Linear Mixed-effects Models on the Word BC Region

Measures

Formula

First fixation duration

Gaze duration

Go-past time

Second-pass reading time

Regression-in probability

log(DV) ~ 1s + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + overlapping: plausible vs. implausible Il subject) + (1 + overlapping type + overlapping: plausible
vs. implausible Il item)

log(DV) ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + overlapping type + overlapping: plausible vs. implausible Il subject) + (1 + overlapping type +
overlapping: plausible vs. implausible Il item)

log(DV) ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implau-
sible + (1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implausi-
ble Il subject) + (1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs.
implausible Il item)

DV ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implausible
+ (1 + overlapping type Il subject) + (1 + overlapping type + non-overlapping: plausible vs. implausible + over-
lapping: plausible vs. implausible Il item)

DV ~ 1 + overlapping type + non-overlapping: plausible vs. implausible + overlapping: plausible vs. implausible
+ (1 I subject) + (1 + overlapping type + overlapping: plausible vs. implausible Il item)

DV, dependent variable
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