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Abstract

Oculomotor reading behavior is influenced by both universal factors, like the “big three” of
word length, frequency, and contextual predictability, and language-specific factors, such
as script and grammar. The aim of this study was to examine the influence of the “big
three” factors on L2 reading focusing on a typologically distant L1/L2 pair with dramatic
differences in script and grammar. A total of 41 native Chinese-speaking learners of Russian
(levels A2-B2) and 40 native Russian speakers read a corpus of 90 Russian sentences for
comprehension. Their eye movements were recorded with EyeLink 1000+. We analyzed
both early (gaze duration and skipping rate) and late (regression rate and rereading time)
eye movement measures. As expected, the “big three” effects influenced oculomotor behav-
ior in both L1 and L2 readers, being more pronounced for L2, but substantial differences
were also revealed. Word frequency in L1 reading primarily influenced early processing
stages, whereas in L2 reading it remained significant in later stages as well. Predictability
had an immediate effect on skipping rates in L1 reading, while L2 readers only exhibited
it in late measures. Word length was the only factor that interacted with L2 language
exposure which demonstrated adjustment to alphabetic script and polymorphemic word
structure. Our findings provide new insights into the processing challenges of L2 readers
with typologically distant L1 backgrounds.

Keywords: reading; oculomotor behavior; L2 readers; Russian; word length; word fre-
quency; word predictability; early eye movement measures; late eye movement measures

1. Introduction
1.1. Effects of Word Length, Frequency, and Predictability on Reading Behavior

Reading is a complex cognitive process that involves visual word recognition, lexical
access, syntactic parsing, and semantic integration, all of which contribute to the goal of text
comprehension. The pre-lexical process of word recognition, including visual perception
and decoding, is followed by lexical access, which involves selecting a suitable candidate
in the mental lexicon [1], while the post-lexical processes of syntactic parsing and semantic
integration entail building the sentence structure [2] and integrating different sentence
meanings into a coherent understanding of the text [3].

The eye-tracking method is used to investigate cognitive processes underlying reading.
Eye movement measures can be divided into two groups according to the processing stages
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they correspond to: early and late. Early measures include the initial saccade landing
position, single and first fixation duration, gaze duration (the sum of all fixation durations
on a word during the first pass), the probability of skipping a word, and the probability of
fixating a word only once [4]. Late measurements include regression probability, regression
path duration (the total duration of all fixations from the first fixation on the word until
moving forward), rereading time (the sum of all fixation durations after a regression to the
word), and total reading time (the sum of all fixation durations on the word) [4,5]. Early eye
movement measures are considered primarily to reflect processing up to the stage of lexical
access, while late measures are considered to reflect the processes of syntactic, semantic,
and discourse integration [4–6].

Decades of research have demonstrated robust effects of word length and word
frequency—intrinsic word properties—as well as word predictability—an extrinsic prop-
erty determined by the sentential context—on eye movement measures [7–9]. Together,
these properties are termed “the big three”. These effects have been demonstrated across
typologically diverse languages, and therefore are supposed to be universal.

Word length primarily influences early reading processes, and it is reflected in early eye
movement measures such as first-fixation and gaze durations, as well as the late measure
of total viewing time [9–11]. In general, longer words tend to result in longer and a greater
amount of fixations compared to shorter words [12–14]. These findings have been demon-
strated in alphabetic languages with diverse orthographic systems, such as English [15–20],
German [21], French [22], and Russian [23], as well as in non-alphabetic languages, includ-
ing abjad Hebrew [24], Arabic [25], logographic Japanese [26], and Chinese [27].

The second universal factor that influences word recognition during reading is fre-
quency. Frequent exposure to a word in different contexts determines the rate at which
its orthographic, phonological, and semantic representations are activated. Many studies
have consistently demonstrated the word frequency effect: when word length is controlled,
readers look longer at low-frequency words than at high-frequency words [28–31]. The
frequency effect is robust and has been replicated in both alphabetic and non-alphabetic
languages: English [32], Spanish [10], German [9], Dutch [33], Russian [23], Korean [34],
and Chinese [35]. Frequency primarily influences earlier language processing, such as lexi-
cal access, but also impacts later stages like semantic integration, and it has been examined
in various measures [9].

During reading, we anticipate upcoming words. The easier a word is to predict from
the preceding context, the faster it is processed [2,36,37]. Predictability has been shown
to affect not only early pre-lexical and lexical processing [2,9,38] but also late integration
processes [39]. Each new unit of the information must be incorporated into the discourse;
when readers accurately predict words, it facilitates smoother and faster semantic integra-
tion, allowing them to connect ideas and maintain comprehension. The predictability effect
has also been demonstrated for different languages, including French [40], Chinese [38],
and Russian [23]. However, data on the timing of predictability effect are controversial [41].
Some studies show that the effect is revealed in later stages of linguistic processing, re-
flected in late eye movement measures like second-pass reading time, total reading time,
and regression rates [10,42]. In contrast, others also report its influence on early measures,
such as first fixation duration [43–45] or skipping probability [46].

Beyond universal parameters, language-specific factors, such as the type of writing
system and grammatical structure, also play a significant role in word processing. Recently,
language-specific oculomotor reading patterns were extensively covered in the Multilingual
Eye movement Corpus (MECO) study, which initially included 13 languages, with a
growing number continually being added [47]. The findings reveal that certain languages
stand out, such as Norwegian, Estonian, and Korean. Norwegian readers make shorter and
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fewer fixations and have a higher skipping rate. Conversely, Estonian language readers
make a large number of fixations on the words with relatively long fixations and a high
rereading rate. In Korean, where words are short in length (as in Chinese), reading time
is short and the skipping rate is high [47]. Furthermore, in the MECO study, the cross-
linguistic variability in reading performance was explored. The skipping rate had the
strongest systematic variability, with 46% of the variance explained by language differences.
Language also accounted for 24% of the variance in the number of fixations during the first
run. It accounted for a smaller portion of the variance in duration metrics: first fixation
duration (5%), gaze duration (16%), and total fixation time (13%) [47]. This pattern suggests
that the majority of cross-linguistic variations in oculomotor behavior at the word level
demonstrate the spatial distribution of fixations across words, specifically regarding which
words capture attention and which do not. The authors attribute the skipping rate to one
of the key predictors of reading: word length. A strong negative correlation was found
between a language’s average word length and its estimated skipping rate. For example,
Finnish, with a mean word length of 7.82 characters (SD = 3.90), has an estimated skipping
rate of 6%, while Korean, with a mean word length of 2.92 characters (SD = 1.27), has a
skipping rate of 29% [47].

To sum up, the effects of word length, frequency, and predictability appear to be
universal across different languages; at the same time, they are related to language-specific
factors. For instance, a language’s average word length is often influenced by its gram-
matical structure: agglutinative languages tend to have longer words, as they combine
multiple morphemes into a single word form, while analytic languages tend to have shorter
words, relying on word order and auxiliary words to convey grammatical relationships.
Frequency rates highly depend on the degree of inflection in a language (in morphologically
rich languages we distinguish between lemma frequencies and wordform frequencies).
Predictability, in turn, is influenced by factors such as homonymy rates and word order
flexibility (e.g., fixed or free). Another crucial language-specific factor affecting oculomotor
reading behavior is the writing system, including the degree of grapheme visual density
and orthographic transparency. Therefore, although overall eye movement patterns across
languages may appear quite similar and could be claimed as universal, language-specific
reading strategies also play a significant role. This underscores the considerable value of
cross-linguistic studies.

1.2. Reading Behavior in L2

Bilingual research mainly focuses on the mechanism of competition and coordination
during the processing of an L1 and an L2. Among the factors that influence reading patterns
are individual differences in language proficiency and language usage. L2 reading studies
either use a within-subject design, comparing L1 and L2 reading patterns of one and the
same samples [33,48] or a between-subject design, comparing the reading patterns of L2
readers with those of L1 readers [49], or a combination of these two approaches [50]. A
scoping review by Quiñonez-Beltran and colleagues [51] underlines that L1 characteristics
are to be taken into account when planning L2 reading studies design. For instance, a
comparative study [52] with Chinese and Arabic readers of English demonstrates that L1
background affects L2 oculomotor reading behavior, namely fixation duration.

It should be noted that most corpora of eye movements, which allow researchers to
explore large datasets and a variety of factors affecting oculomotor behavior, include only
L1 data, with few exceptions like GECO [21], MECO [50], and CELER [49].

The GECO [21,33] investigates differences between L1 and L2 reading using eye
movement measures. The researchers examined unbalanced L1 Dutch–L2 English readers
and discovered that these individuals exhibited longer total reading times, increased
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average fixation durations, a higher number of fixations, and a reduced likelihood of
skipping words when reading in their non-dominant language. This oculomotor behavior
parallels that of young monolingual children who are just learning to read [53,54] or
low-literate monolingual adults [55,56].

The MECO-L2 [50] comprises eye movements during English L2 reading by native
speakers of 13 typologically different languages. Participants were tested on component
skills such as vocabulary size, spelling, decoding efficiency, and print exposure. The study
focuses on the role of L1 in L2 English reading. The contribution of different component
skills is further explored in the CELER corpus [57], which includes eye movement data
from English L2 readers from diverse linguistic backgrounds (Arabic, Chinese, Japanese,
Spanish, and Portuguese), alongside a control group of L1 English readers. CELER also
includes scores from standardized L2 proficiency tests. Direct effects of L2 proficiency on
oculomotor reading behavior were demonstrated by Berzak, Katz, and Levy [58]. Their
findings revealed that first fixation duration and total reading time not only correlated
with scores on standardized English proficiency tests but also effectively predicted test
outcomes. Eye movements in low-proficient L2 readers were characterized by longer
fixation durations, a lower skipping rate, a higher probability of regressive saccades, and
more pronounced frequency effects.

It was shown that L2 readers exhibit many qualitative effects similar to those of L1
readers. Notably, however, they demonstrate a so-called proficiency-sensitive lexicon–
context tradeoff [21,49]: the eye movements of the most proficient L2 readers resemble
those of L1 readers, whereas as L2 proficiency decreases, the readers become less responsive
to a word’s predictability based on context and more influenced by word frequency, which
remains constant across contexts. This tradeoff reinforces an experience-based explanation
for how context-driven expectations are utilized in L2 language processing: diminished
exposure and practice result in weaker connections between wordforms and their mental
representations. Consequently, accessing vocabulary in the non-dominant language be-
comes less efficient, as evidenced by greater frequency effects and longer reading times.
The less language experience a reader has, the more they rely on context-independent
information (e.g., word frequency). As their experience increases, their predictions become
more contextualized.

Whitford and Titone [59–61], who studied late L2 bilinguals of various ages and
different language dominance (English or French), found the same influence of L2 expo-
sure on the strength of the frequency effect in both early and late eye-tracking measures.
However, the strength of the predictability effect was not shown to differ in L1 and L2
reading. Mor and Prior [48] reported that the predictability effect was more pronounced
in L2 reading while Berzak and colleagues [49] showed that predictability effects were,
in L2 reading, larger for gaze duration and total reading time, although evidence for a
lexicon–context tradeoff was demonstrated in the following: the word predictability effect
on total reading time in L1 was larger than word frequency effect, while in L2 it was vice
versa. Fernandez & Allen (2025), comparing the L1 English reading and L2 English reading
of German learners, demonstrate a predictability effect on early measures—gaze duration
and skipping rates [62]. The effect is found in both L1 and L2 groups, with L2 readers
being less efficient. This quantitative, but not qualitative, difference is explained by the
reduced capacity for parafoveal processing in L2 readers. The study of Xiao and colleagues
with Tibetan–Chinese bilinguals [63] also demonstrates that the preview benefit is more
prominent for L1 than for L2 readers and emphasizes that semantic information in L2
reading is accessed at a later stage.

Regarding word length, Cop and colleagues [21] demonstrated that a greater number
of symbols in a word leads to an increased fixation count, an effect that is more pronounced



J. Eye Mov. Res. 2025, 18, 58 5 of 27

even in proficient (B2–C1) L2 readers in comparison with native speakers. Thus, the big
three effects in L2 reading depend on the proficiency level; length and frequency effects are
more pronounced in L2 reading than in L1 reading, whereas the data on the predictability
effect are more controversial.

The vast majority of L2 reading studies focus on reading in English, so eye movement
patterns remain understudied cross-linguistically. Daniels and Share [64] emphasize that
existing reading theories mostly rely on English reading data and features of English orthog-
raphy; therefore, taking other writing systems into account can broaden the scope of reading
studies and shed some light on universal and language-specific reading mechanisms.

Our study aims to address this gap by presenting data from typologically distinct
L1/L2 pairs: native Russian L1 readers and Chinese L2 readers of Russian. These two lan-
guages are particularly interesting to compare because they exhibit important differences
on two basic levels: writing system and grammar.

1.3. Reading in Russian and Reading in Chinese

Eye Movements in Reading Chinese

Modern written Chinese consists of horizontally arrayed strings of characters, going
from left to right. Each character occupies a rectangular region of the same size and can
be further decomposed into component radicals or even further into a series of individual
strokes. Chinese characters typically map onto one-syllable morphemes. Chinese words
can be either monomorphemic (one character) or polymorphemic (composed of two or
more characters). According to the Chinese Word Corpus of Academia Sinica Taiwan
(1998), over 76% of the words (type frequency) consist of two or three characters [65]. When
token frequency is considered, words contain one and two characters for 54% and 42%,
respectively [61]. Chinese lacks spaces between words, and many cases involve word
boundary ambiguity. This makes word segmentation—the extraction of words from a
character string—more difficult than in alphabetic languages.

The body of work on eye movement studies on Chinese has been growing in the past
two decades. For characters, the effects of character orthography, frequency, and com-
plexity (i.e., the number of strokes) on fixation durations have been obtained [35,66–69].
For words, the effects of word frequency and word space availability have been
demonstrated [38,70–74]. For sentential constraints, the interaction of word ambiguity
and context in the lexical ambiguity resolution of Chinese homographs was shown in [75].
These results demonstrate that Chinese readers utilize both word-level and contextual
information during reading.

Pan and colleagues [27] developed the Beijing Sentence Corpus (BSC) and presented
the eye-tracking data from Chinese readers, including large-scale predictability norms and
their effect on saccade targeting. The results showed that low frequency, low contextual
predictability, and high visual complexity may lead to difficulties in parafoveal word
segmentation, resulting in fixation locations shifting from the center of the word toward
its beginning.

Chinese is visually dense in contrast to alphabetical languages, which are typically
more horizontally expansive. This difference affects eye movement patterns [76]: Chinese
readers make fewer but longer fixations that are positioned closely together, whereas
Finnish readers make more numerous but shorter fixations spaced further apart [76]. Also,
average fixation durations are longer in Chinese compared with English [76]. Other findings
indicate that rightward saccade length is also affected by language. Chinese readers make
the shortest forward saccades, while English readers make the longest—even longer than
Finnish readers [77]. The average forward saccade length for Chinese readers was half that
of readers of the two alphabetic languages [77]. Chinese readers also make more regressions.
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One of the reasons may be because this is a compensation for frequent word skipping
during first-pass reading (more than half of the words are left unfixed). In other words,
Chinese readers may need to go back to long sentences to confirm their exact meaning [77].

Eye Movements in Reading Russian

Russian, together with Chinese, is among the five most widely spoken languages
in the world and the most widely spoken language using the Cyrillic alphabet. Charac-
teristics of Russian, such as its writing system which is in the middle of the continuum
between shallow and deep orthographies with quite complex, but sufficiently regular
and predictable phoneme–grapheme correspondences [78], and its rich inflectional and
derivational morphology, are of considerable interest for comparative reading research.

Descriptive statistics for basic eye movement variables that are considered as fun-
damental measures of reading fluency (skipping, first fixation duration, gaze duration,
total fixation duration, number of fixations on the word, regression-in, and rereading)
for Russian along with 12 other languages is provided in the MECO [47] and MECO
Wave 2 [79].

The study by Laurinavichyute and colleagues [23] presents the Russian Sentence
Corpus and establishes basic eye movement benchmarks for reading in Russian. It provides
descriptive corpus statistics for reading Russian in the form of the average saccade length,
landing site, fixation duration measures, and probabilities of skipping and fixating words,
as well as proportions of regressions during the reading of natural sentences. It was
shown that Russian does not differ from other alphabetic and logographic languages
regarding the “big three” variables (word length, frequency, predictability), nor in mean
fixation duration and mean saccade amplitude. However, some discrepancies related to
the low-level oculomotor characteristics were identified. For example, in Russian, but not
in German, the probability of having one fixation on a word increases with the increase in
word length and predictability (in Russian, if a word is not fixated once, it is more likely to
be skipped than to be fixated more than once, while in German the opposite is true). Given
that a prominent characteristic of Russian is its complex morphology, in addition to the “big
three” effects, Laurinavichyute and colleagues also account for morphological predictors,
namely the part-of-speech category, morphosyntactic ambiguity, and morphological word
form (base vs. nonbase). They reported that verb processing requires more effort than
noun processing, as reflected in both early (gaze duration) and late (total reading time)
measures. Similarly, nonbase wordforms took longer to read than baseword forms; this
was also found in both early (first fixation duration) and late (total reading time) measures.

Regarding word length, Alexeeva and Slioussar [80] compared the effect of longer,
same-length, and identical parafoveal previews using the gaze-contingent boundary
paradigm. They demonstrated that readers of Russian obtain information about word
length parafoveally and use it not only to plan subsequent saccades but also for word
recognition: first fixation duration and gaze duration were longer in the longer-preview
condition than in the same-length condition. Also, the study by Staroverova and col-
leagues [81] demonstrated that Russian readers rely on orthographic, but not phonological,
information extracted from the parafovea.

To sum up, the Chinese language uses the logographic script without apparent word
boundaries or apparent distinctions between roots and affixes. In contrast, Russian uses
the Cyrillic alphabet, exhibits complex but regular phoneme–grapheme correspondences,
and features a rich system of morphosyntactic rules. The differences between the two
languages may result in specific processing difficulties for Chinese learners of Russian as
well as Russian learners of Chinese [82].

In this study, we aim to investigate the role of universal effects in L2 oculomotor
reading behavior, focusing on the typological differences between the readers’ L1 and L2,
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namely their script and grammar systems. Assuming that reading strategies of L1 affect
those of the L2 in non-advanced readers, we hypothesize that native readers of Chinese,
which is characterized by visually dense logographic script and monomorphemic word
structure, will demonstrate an enhanced word length effect when reading L2 Russian, which
has an alphabetic script and a polymorphemic word structure. Furthermore, higher rates
of homonymy and homography in monosyllabic tonal Chinese may enhance anticipatory
processes during reading. This, in turn, could modulate the word predictability effect not
only in L1 Chinese reading (which is beyond the scope of this study) but also in L2 Russian
reading. We are particularly interested in the role of these universal effects at different
processing stages, as reflected in early and late eye movement measures. Finally, we will
investigate the role of language exposure (the duration of studying L2) on the magnitude
of these universal effects in L2 reading.

2. Materials and Methods
2.1. Materials

We developed a corpus for L2 learners of Russian; more detailed information regarding
its composition and structure can be found in [83]. The corpus is based on the Russian
Sentence Corpus [23], the Russian Child Sentence Corpus [84], and textbooks for the Test
of Russian as a Foreign Language [85]. It consists of 90 sentences, all of which contain only
words from the vocabulary lists for the B1 and B2 levels of Russian. Half of the sentences
had a simple syntactic structure, and the other half were complex. The mean sentence
length was 7.6 words, maximum 11 words, and minimum 4 words. Inferential questions
were constructed for 30% of the sentences to assess reading comprehension.

For each word in the Corpus, wordform frequency was obtained from the Russian
National Corpus (ruscorpora.ru). The criteria for the query were texts which were updated
from 1985 and after to reflect frequency in a relatively modern time range. This search
yielded 53,526 texts, corresponding to 143,287,761 word tokens. The predictability of each
word was assessed in a pretest: a cloze task was used and at least 30 predictions were
collected for each word in a sentence [83].

2.2. Participants

A total of 41 Chinese-speaking learners of Russian (age range: 19–33 years) and
40 native Russian speakers (age range: 18–30 years) participated in the study on a voluntary
basis. All participants had completed higher education or were current university students.
All reported normal or corrected-to-normal vision and no history of speech, learning, or
hearing disorders. The experiment was conducted in accordance with the Declaration of
Helsinki and relevant Russian and international regulations for research ethics. Informed
consent was obtained from all participants.

The 41 Chinese participants were recruited through several channels, including uni-
versity and community advertising. All participants were living in Russia at the time of
the experiment. The participants had begun learning Russian either in China or in Russia
and had an A2-B2 level of proficiency in Russian at the time of participation. Russian
proficiency was assessed in one of two ways: the Test of Russian as a Foreign Language
(TORFL) [85] or the Chinese version of the Russian proficiency test. The TORFL is based on
a unified certification system for evaluating and certifying Russian language proficiency
for non-native speakers. It consists of six levels of increasing difficulty, from Beginner (A1)
to Advanced (C2). The test includes five sections that examine a candidate’s proficiency
in different language aspects: “Writing”, “Grammar and Vocabulary”, “Reading”, “Lis-
tening”, and “Speaking”. The TORFL is an official exam that certifies proficiency levels
according to the Common European Framework of Reference (CEFR). The Chinese version
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is a local equivalent to the TORFL, comprising eight levels. Among the participants in the
current study, eight were A2 level, with eleven at B1 and twenty-two at B2. Participants
had varying experiences in terms of the duration of studying Russian and time living in
Russia (for descriptive statistics, see Table 1). On average, participants had four years of
experience living in Russia and four years of learning the Russian language.

Table 1. Data of language experience and years of studying Russian.

Participant’s Experience Mean, SD (Years)

Duration of studying Russian language 4.67 (2.71)

Time of living in Russia 4.16 (2.70)
Note. The table presents the mean and standard deviation (SD) for the duration of Russian language study and
the time spent living in Russia among the Chinese-speaking learners of Russian.

2.3. Apparatus and Procedure

Eye movements were recorded using an EyeLink 1000+ eye tracker (SR Research,
Toronto, ON, Canada). A chinrest was used to minimize head movements. The sampling
rate was set at 1000 Hz. Sentences were presented in 18-pt PT Mono font, in black on
a gray background. The screen resolution was 1600 × 1024 pixels with a refresh rate of
85 Hz. A 9-point calibration was performed to ensure tracking accuracy, and participants
were recalibrated if necessary. The participants were seated at a comfortable distance
of 55 cm from the camera and 90 cm from the monitor. Each trial began with a manual
drift-correction procedure; a drift-correction point was located slightly to the left of the
position of the first word of the following sentence. Calibration was repeated between trials
when necessary. Subsequently, a sentence was presented in the center of the screen, with
the first word of each sentence aligned to the same starting point.

Participants were instructed to read each sentence carefully and to press the spacebar
when finished. Comprehension questions were asked after 30% of the sentences. For each
question, three answer options were provided, only one of which was correct. The questions
were displayed in the center of the screen, and the answers were given by pressing the
corresponding key on the keyboard.

2.4. Statistical Analysis

Prior to the analysis of eye-tracking measures, we conducted a standard four-stage
fixation cleaning procedure using DataViewer software version 3.1.1 (SR Research). First,
we merged all the fixations shorter than 80 ms with adjacent fixations if the distance
between them was less than 0.5 angular degrees. Next, we deleted all fixations shorter than
60 ms and longer than 2000 ms. The analysis was conducted on all words in the corpus,
excluding the first word of each sentence.

Participants who gave less than 70% correct answers to comprehension questions were
excluded from the analysis. For the L2 readers, data from 10 participants were excluded:
one at the A2 level, four at the B1 level, and five at the B2 level.

For the analyses, we chose the following measures: gaze duration and first pass
skipping rate as the early measures, and rereading rate and regressions-in rate as the late
measures. Gaze duration, or first-pass reading time, along with skipping probability, are
among the most commonly analyzed early measures in eye-tracking reading research.
Regression rates are highly indicative late eye movement measures that reflect contextual
integration processes. Although rereading time is less commonly examined than total
viewing time, we propose that it is a more precise measure for late effects because, unlike
total viewing time, it excludes first-pass reading time from its calculation [86]. The gaze
duration analysis included words that were not skipped during the first pass and that had
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a first fixation duration ranging from 60 ms to 2000 ms. All words were included in the
skipping rate analysis. Words for the rereading rate analysis were selected as follows. First,
we excluded words that did not elicit any fixations. For the remaining words, we calculated
rereading rate as the difference between total viewing time and gaze duration. After that,
we excluded words with a rereading time of zero ms, which indicated that these words
were not revisited. Finally, we included only those observations with a rereading time of
60 ms or greater. All words were included in the regression-in analysis; for words that
did not elicit any fixations, the regression-in value was recorded as zero. The number of
observations for each measure is presented in Tables A1–A12 in Appendix A.

Linear mixed-effects modeling was used to explore relationships between the “big
three” variables (word length, wordform frequency, and word predictability) and the
continuous measures: gaze duration and rereading time. Generalized linear mixed-effect
modeling was used for the binomial measures: skipping and regression-in rates.

First, we ran a model on combined L1 and L2 data with the following fixed effects:
wordform frequency, word length, word predictability, participant group (L1 readers and
L2 readers), sentence length in words (a control effect), and their interactions: word length
and wordform frequency; participant group and wordform frequency; participant group
and word length; participant group and predictability; and participant group and sentence
length. The random structure comprised participant, sentence, and word intercepts.

We then simplified the model by eliminating non-significant variables to identify the
best-fitting model using either step function (in lmer analyses) or manual comparison via
anova function (in glmer analysis).

Subsequently, we constructed separate models for each participant group (L1 readers
and L2 readers). The models’ fixed effects included wordform frequency, word length,
word predictability, sentence length, and the interaction between wordform frequency
and word length. For the L2 group, the models also included the duration of studying
Russian (as a measure of language proficiency) and its two-way interactions with wordform
frequency, word length, predictability, and sentence length. The random structure was
alike as in the combined analysis. As with the full model, non-significant variables were
removed from the model.

In all analyses, gaze duration and rereading time were log-transformed to ensure
the normal distribution of residuals. Word length and sentence length were scaled, word
frequency was log-transformed, and word predictability was logit-transformed [23]. Partic-
ipant group was orthogonally coded as sum contrast (with L1 readers a baseline).

We ran (g)lmer analysis using the lme4 package [87] in R (version 4.5.1). The lmerTest
package [88] was used for estimating p-values. The plots were generated with ggplot2 [89]
based on partial effects, with variance attributable to random and (controlled) fixed effects
using the keepef function [90].

3. Results
3.1. Gaze Duration

In the combined analysis (see Appendix A, Table A1), we found significant main
effects for word length, wordform frequency, and participant group. As expected, shorter
and more frequent words were read faster, and native speakers read more quickly than
L2 learners. Our final model excluded sentence length, as this variable did not reach
statistical significance. However, the interactions between participant group and word
length, participant group and wordform frequency, as well as participant group and
predictability, were significant (see Figure 1). Although the main effect of predictability
was not significant, L2 readers exhibited slower reading times for longer and less frequent
words than L1 readers. It appeared that predictable words sped up word recognition for L2
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but not for L1 readers; however, separate analyses (see below) did not confirm this, as the
predictability effect was not significant for either L1 or L2 readers.

Figure 1. The word length, frequency, and predictability effects on gaze duration.

We ran two separate models for L1 and L2 readers (see Appendix A, Tables A2 and A3)
and found significant main effects of word length and wordform frequency in both groups.
For L2 readers, the only significant interaction was between the duration of studying
Russian and word length (see Figure 2). They read longer words more slowly, particularly
in the early stages of learning Russian. However, there was no main effect of the duration
of studying Russian on gaze duration itself.

3.2. Skipping Rate

We analyzed data from both L1 and L2 reading using a combined model (see
Appendix A, Table A4) and found that skipping rates were affected by word length and
wordform frequency. Additionally, L1 readers skipped significantly more than L2 learners.

Length and wordform frequency significantly interacted—short and frequent words
were the most probable to be skipped (see Figure 3). The reader group factor (L1 or L2)
significantly interacted with word length, wordform frequency, predictability, and sentence
length (see Figure 4). Long, low-frequency words were particularly difficult for L2 readers,
whereas—as the separate analyses confirmed—predictability had a significance only for
L1 readers.
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Figure 2. The duration of studying Russian and word length interaction on gaze duration for
L2 speakers.

Figure 3. The effect of wordform frequency and word length interaction on skipping rate.

We also created separate models for L1 and L2 readers (see Appendix A, Tables A5 and A6).
In the L1 group, we found significant effects of wordform frequency, word length, and their
interaction, as well as a significant effect of predictability. In the L2 group, predictability
and word length were not significant, whereas wordform frequency and the interaction
between length and frequency were significant. Furthermore, we found no significant
main effect of the number of years spent studying Russian, nor any significant interactions
involving this variable.
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Figure 4. The effects of “big three” (wordform frequency, word length, and predictability) and
sentence length on skipping rate.

3.3. Rereading Rate

The combined model revealed significant main effects of the “big three” factors and
the “reader group” factor, but not of the sentence length factor (see Appendix A, Table A7).
Rereading times were lower for frequent, short, and predictable words, and were also lower
for L2 readers than for L1 readers. Word length, wordform frequency, and sentence length
significantly interacted with the reader group (see Figure 5). To interpret the significant
interactions, we conducted separate analyses.

In the L1 group (see Appendix A, Table A8), we found significant effects of word
length and sentence length on rereading time, with shorter words and words in longer
sentences requiring less rereading time. For L2 readers (see Appendix A, Table A9), the
“big three” effects were significant. However, we found no significant main effect of the
duration of studying Russian, nor any interactions involving this variable.

Based on the significant interactions from the combined analyses, we can conclude
that longer words slowed down L2 readers to a greater extent. The main effect of wordform
frequency was significant in the combined analysis; however, it may be attributed to L2
readers, as they slowed down more for less frequent words. In the separate model for L1
readers, the effect of wordform frequency did not reach significance. The same pattern was
observed for word predictability: it was significant for L2 readers but not for L1 readers.
Conversely, the significance effect of sentence length was due to L1 readers, as it was not
significant for L2 readers in their separate model.
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Figure 5. The word length, frequency, and sentence length effects on rereading time.

3.4. Regression in Rates

We analyzed data from both L1 and L2 reading using a combined model and found
that all the “big three” factors significantly influenced regression rates (see Appendix A,
Table A10). Notably, the effect of wordform frequency was in the opposite direction that
expected: regression rates were higher for more frequent wordforms. Additionally, L2
readers exhibited significantly more regressions than L1 readers. The effects of word length,
wordform frequency, and sentence length significantly interacted with the reader group
(see Figure 6).

Separate models for L1 readers revealed significant effects of word predictability and
word length (see Appendix A, Table A11). For L2 readers, there was a significant main
effect of word predictability, along with interactions between word length and the duration
of studying Russian, and between sentence length and the duration of studying Russian
(see Figure 7 and Appendix A, Table A12). However, the main effects of word length,
sentence length, and the duration of studying Russian were not significant. These results
suggest that the effects of word length and sentence length become less pronounced as the
duration of studying Russian increases.

The effect of wordform frequency did not reach significance in either of the separate
models. Therefore, its presence in the combined model for L1 and L2 readers is somewhat
artificial. The significant interaction between group and word length indicated that longer
words posed greater challenges for L2 readers, leading to more regressions. This interaction
between group and sentence length was significant in the combined model. The effect was
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primarily driven by the performance of L2 readers, as no such effect was observed among
L1 readers.

Figure 6. The effects of wordform frequency, length and sentence length on regression in rate.

Figure 7. The interactions between word length and the duration of studying Russian, and sentence
length and the duration of studying Russian.

3.5. Results Sum-Up

Regarding gaze duration, we found significant effects of wordform frequency and
word length for both L1 and L2 readers. These effects were more pronounced in L2 learners.
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It should be noted that L2 readers read longer words more slowly, particularly during the
early stages of studying Russian.

Regarding skipping rates, we found that all the “big three” effects significantly influ-
enced skipping rates in L1 readers. In contrast, for L2 readers, only wordform frequency
and word length were significant; predictability was not. L1 readers skipped highly pre-
dictable words, but this factor was not significant for L2 readers.

Both L1 and L2 readers spent more time rereading longer words, with this effect
being more pronounced in L2 readers. Furthermore, rereading time in L2 readers was
also influenced by wordform frequency and word predictability. For L1 readers, however,
rereading time was influenced by the sentence length.

Although wordform frequency did not significantly impact regression rate in either L1
and L2 readers, the interaction between reader group and word length indicated that longer
words presented greater difficulties for L2 readers, resulting in increased regressions. This
effect was absent in L1 readers, indicating a distinct challenge faced by L2 learners. Addi-
tionally, the analysis suggested that as L2 readers gained more years of study of Russian,
the influence of wordform and sentence length on their reading performance diminished.

4. Discussion
Our study aimed to present eye movement data for a typologically different L1/L2

pair—native Russian L1 readers and Chinese L2 readers of Russian—and to explore the
effect of the “big three” factors (wordform frequency, word length, and predictability) on
early and late eye movement measures. We demonstrated that wordform frequency, word
length, and word predictability significantly influence both early and late eye movement
measures for L1 and L2 readers of Russian. Furthermore, we found that the size of each
effect was much larger for L2 readers than for L1 readers.

4.1. Word Length Effect

Our study revealed a word length effect on both early (gaze duration, skipping rate)
and late (rereading time, regression rate) eye movement measures in both native and non-
native readers. This demonstrates the significant influence of word length on all readers
and across all oculomotor metrics. Word length appears to be an important factor at all
stages of the reading process, from decoding and lexical access to integration. These results
align with the findings of Siegelman and colleagues [47], who showed that differences
in oculomotor reading behavior across languages, particularly the variability in skipping
rates, can be largely explained by cross-linguistic differences in word length distributions.

Although the crucial role of word length has been previously demonstrated in multiple
L2 reading studies, we also show that for L2 readers word length is the only factor that in-
teracts significantly with the duration of studying L2, which is a novel finding. It highlights
the process of adaptation of native Chinese speakers to alphabetic script and polymor-
phemic word structure at the upper-elementary to intermediate level. Mashanlo [82], who
investigated the oculomotor reading behavior of both Chinese L2 learners of Russian and
Russian L2 learners of Chinese, also reports that increased L2 exposure leads to shorter
fixation durations in both groups which can be explained by their adaptation to a non-
native script. A question for further research is to investigate the perceptual span of L2
readers and the capacity for parafoveal processing (see Fernandez and Allen [62]) which is
especially interesting in the case of different-script bilinguals.

4.2. Wordform Frequency Effect

We demonstrate an effect of wordform frequency on early eye movement measures
(gaze duration, skipping rate) for both L1 and L2 readers groups, as frequency plays a
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crucial role in initial stages of reading, namely visual word recognition and lexical access.
However, for late eye movement measures (rereading time), wordform frequency was
significant only for L2 readers. They are not only slowed down by low-frequency words
during first-pass reading but also experienced difficulties with semantic and syntactic
integration in later processing stages. Although all the words in the corpus were included
in the vocabulary lists for the B1 and B2 levels, less frequent words could be unfamiliar to
L2 learners which could impede contextual integration. In contrast, native readers at the
later processing stages, when the word meaning is already retrieved from mental lexicon,
were influenced by contextual factors, such as word predictability and sentence length. This
result aligns with previous work on frequency effect and language experience by Berzak
and Levy [49] which showed that a lack of language experience results in the frequency
effect on late eye movement measures. Also, the typologically distant L1 background rules
out any cognates which could influence lexical access (see [91,92]).

4.3. Word Predictability Effect

Our findings indicate that word predictability influences early eye movement mea-
sures, namely the skipping rate, in L1 readers but not in L2 readers. For native speakers,
the influence of predictability on eye movements is immediate: prior to fixating on a
word, they use context and parafoveal processing to anticipate it and subsequently decide
whether to skip it. In contrast, L2 readers do not exhibit this effect in early measures; due
to limited language exposure, they lack the capacity for rapid anticipation of upcoming
words. Consequently, predictability does not affect their probability of skipping. This
observation aligns with the idea of lexicon–context tradeoff [21,49], which suggests that
readers with limited language experience tend to rely more on stable word properties,
such as frequency, rather than context-dependent factors. Also, a possible explanation of
this finding is the reduced parafoveal preview benefit which results in a slower pace of
semantic processing [62,63]. We show that predictability for L2 readers becomes significant
in late measures, as they spend more time rereading words in less predictable contexts. For
L1 readers, predictability also affects late eye movement measures, specifically regression
rates, but not rereading time.

Thus, for L2 readers compared to L1 readers, the frequency effect appears to be
extended, persisting even after the initial reading of a word, as evidenced by both early
and late eye movements. In contrast, the predictability effect is delayed for L2 readers,
manifesting only in later measures after the initial word has been processed and attention
has shifted. This indicates that predictability becomes relevant for L2 readers only during
later integration processes. Native speakers, however, exhibit the predictability effect in
both early and late measures.

5. Conclusions
Our study demonstrated that the “big three” effects significantly influence eye move-

ments in both L1 and L2 readers, but their impact on early and late eye movement measures
differs between groups. We identified robust early and late effects of word length in both
L1 and L2 readers of Russian, a language characterized by long, polymorphemic words.
Notably, native Chinese speakers learning Russian as L2 exhibited increasing adaptation
to the alphabetic system as their years of study increased. This finding underscores the
challenges involved in adjusting to a different writing system.

In L1 readers, wordform frequency primarily influenced early processing stages,
whereas in L2 readers, it remained a critical factor during later stages as well. We also
observed a lexicon–context tradeoff in Chinese learners of L2 Russian, a finding that
contradicts our hypothesis that these readers would demonstrate an enhanced predictability
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effect in their L2 Russian reading. This suggests that the participants’ proficiency level may
not have reached the threshold required to rely on contextual predictability for achieving
native-like reading fluency. At the A2-B2 proficiency levels, they predominantly navigate
text based on their expectations of wordform frequency.

These findings contribute to the existing knowledge on the interaction between two
languages that differ significantly in their writing systems and grammatical structures.
Furthermore, they provide new insights into the specific processing challenges encountered
by Chinese learners of Russian. The corpus is freely accessible at the OSF and can serve as
a valuable resource for further research on the cognitive processes involved in L2 reading.

It is important to acknowledge that the Russian language proficiency level of the
native Chinese speakers in our sample was not advanced. Consequently, the eye movement
data may have been significantly influenced by varying proficiency levels, which limits the
implications of our discussion and conclusions.

Additionally, our research is constrained by a lack of data regarding the daily usage
of the Russian language among non-native speakers. Information regarding language
exposure—specifically, how frequently learners used the language in everyday contexts
outside the classroom—would provide valuable insights into our findings. It is possible that
not only the duration of Russian language study interacts with the word length effect but
also that language exposure influences wordform frequency and contextual predictability.

Future research could benefit from examining a broader range of non-native speakers
and incorporating additional languages for comparative analysis, thereby enhancing our
understanding of the reading development processes in L2 learners. Furthermore, the
word predictability and frequency data collected from the L2 learners may lead to new
insights of the effects of these parameters on eye movement measures. High-frequency
and high-predictable words for Russian native speakers are not necessarily the same for
L2 learners.
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Appendix A

Table A1. Linear mixed-effects model outputs for combined model (L1 and L2 readers) for gaze
duration results.

Gaze Duration (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value

(Intercept) 5.84 0.03 5.78–5.90 <0.001 ***
Log wordform frequency (LWF) −0.09 0.01 −0.12–−0.07 <0.001 ***
Logit word predictability (LWP) −0.01 0.01 −0.02–0.00 0.198

Scaled word length (SWL) 0.09 0.01 0.07–0.12 <0.001 ***
Reader group—L2 (Group) 0.38 0.02 0.34–0.42 <0.001 ***

LWP × Group 0.01 0.00 0.00–0.01 0.042 *
SWL × Group 0.03 0.00 0.02–0.04 <0.001 ***
LWF × Group −0.06 0.00 −0.06–−0.05 <0.001 ***

Random Effects

σ2 0.24
τ00word.id 0.03
τ00item.id 0.00
τ00subj 0.02
ICC 0.16

Nsubj 71
Nitem.id 89
Nword.id 477

Observations 29,816
Marginal R2/Conditional R2 0.271/0.389

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 and L2 readers. The combined
model was built with the following fixed effects: word frequency, word length, word predictability, participant
group (L1 readers and L2 readers), sentence length in words (a control effect), and their interactions: word length
and frequency; participant group and word frequency; participant group and word length; participant group and
predictability; and participant group and sentence length. The random structure comprised participant, sentence,
and word intercepts. The simplified model with eliminating non-significant variables presented in the table.
* p < 0.05; *** p < 0.001.

Table A2. Linear mixed-effects model outputs for model L1 readers for gaze duration results.

L1: Gaze Duration (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value

(Intercept) 5.48 0.03 5.42–5.54 <0.001 ***
Log wordform frequency (LWF) −0.04 0.01 −0.06–−0.01 0.003 **
Logit word predictability (LWP) 0.06 0.01 0.03–0.08 <0.001 ***

Random Effects

σ2 0.20
τ00word.id 0.03
τ00subj 0.02

ICC 0.19
Nsubj 40

Nword.id 477

Observations 15,983
Marginal R2/Conditional R2 0.026/0.207

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length. The random structure comprised participant, sentence, and word intercepts. The
simplified model with eliminating non-significant variables presented in the table. ** p < 0.01; *** p < 0.001.
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Table A3. Linear mixed-effects model outputs for model L2 readers for gaze duration results.

L2: Gaze Duration (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value
(Intercept) 6.23 0.04 6.16–6.31 <0.001 ***

Log wordform frequency (LWF) −0.16 0.01 −0.18–−0.13 <0.001 ***
Scaled word length (SWL) 0.12 0.01 0.09–0.15 <0.001 ***

Years of studying Russian (YSR) −0.04 0.03 −0.10–0.02 0.173
SWL × YSR −0.02 0.01 −0.03–−0.01 <0.001 ***

Random Effects

σ2 0.28
τ00word.id 0.03
τ00subj 0.03

ICC 0.17
Nsubj 31

Nword.id 477

Observations 13,833
Marginal R2/Conditional R2 0.160/0.304

Note. We built a linear mixed-effects model to investigate the gaze duration for L2 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length as well as duration of studying Russian (as a measure of language proficiency) and its
four two-interactions with word frequency, word length, predictability, and sentence length. The random structure
comprised participant, sentence, and word intercepts. The simplified model with eliminating non-significant
variables presented in the table. *** p < 0.001.

Table A4. Linear mixed-effects model outputs for combined model (L1 and L2 readers) for skipping
rate results.

Skipping Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.20 0.02 0.16–0.25 <0.001 ***

Log wordform frequency (LWF) 1.20 0.04 1.13–1.28 <0.001 ***
Logit word predictability (LWP) 1.02 0.02 0.98–1.06 0.418

Scaled word length (SWL) 0.78 0.04 0.70–0.86 <0.001 ***
Scaled sentence length (SSL) 1.01 0.03 0.96–1.07 0.641
Reader group—L2 (Group) 0.70 0.06 0.59–0.82 <0.001 ***

LWF × SWL 0.76 0.02 0.72–0.79 <0.001 ***
LWP × Group 0.96 0.01 0.93–0.98 0.002 **
SWL × Group 1.18 0.03 1.13–1.23 <0.001 ***
LWF × Group 1.08 0.02 1.05–1.11 <0.001 ***
SSL × Group 1.03 0.01 1.01–1.06 0.007 **

Random Effects

σ2 3.29
τ00word.id 0.14
τ00item.id 0.03
τ00subj 0.41
ICC 0.15

Nsubj 71
Nitem.id 89
Nword.id 477

Observations 44,642
Marginal R2/Conditional R2 0.270/0.380

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 and L2 readers. The combined
model was built with the following fixed effects: word frequency, word length, word predictability, participant
group (L1 readers and L2 readers), sentence length in words (a control effect), and their interactions: word length
and frequency; participant group and word frequency; participant group and word length; participant group and
predictability; and participant group and sentence length. The random structure comprised participant, sentence,
and word intercepts. The simplified model with eliminating non-significant variables presented in the table.
** p < 0.01, *** p < 0.001.
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Table A5. Linear mixed-effects model outputs for model L1 readers for skipping rate results.

L1: Skipping Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.27 0.04 0.21–0.35 <0.001 ***

Log wordform frequency (LWF) 1.14 0.05 1.05–1.24 0.003 **
Logit word predictability (LWP) 1.07 0.03 1.01–1.12 0.014 *

Scaled word length (SWL) 0.66 0.05 0.57–0.75 <0.001 ***
LWL × SWL 0.76 0.02 0.71–0.81 <0.001 ***

Random Effects

σ2 3.29
τ00word.id 0.27
τ00item.id 0.03
τ00subj 0.38
ICC 0.17

Nsubj 40
Nitem.id 89
Nword.id 477

Observations 25,160
Marginal R2/Conditional R2 0.294/0.414

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 readers. The model’s
fixed effects included word frequency, word length, predictability, sentence length, and the interaction between
word frequency and word length. The random structure comprised participant, sentence, and word intercepts.
The simplified model with eliminating non-significant variables presented in the table. * p < 0.05; ** p < 0.01;
*** p < 0.001.

Table A6. Linear mixed-effects model outputs for model L2 readers for skipping rate results.

L2: Skipping Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.15 0.02 0.11–0.20 <0.001 ***

Log wordform frequency (LWF) 1.24 0.04 1.16–1.32 <0.001 ***
Scaled word length (SWL) 0.94 0.05 0.84–1.05 0.258

LWL × SWL 0.74 0.02 0.70–0.77 <0.001 ***
Random Effects

σ2 3.29
τ00word.id 0.05
τ00item.id 0.07
τ00subj 0.48
ICC 0.15

Nsubj 31
Nitem.id 89
Nword.id 477

Observations 19,482
Marginal R2/Conditional R2 0.236/0.354

Note. We built a linear mixed-effects model to investigate the gaze duration for L2 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length as well as duration of studying Russian (as a measure of language proficiency) and its
four two-interactions with word frequency, word length, predictability, and sentence length. The random structure
comprised participant, sentence, and word intercepts. The simplified model with eliminating non-significant
variables presented in the table. *** p < 0.001.
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Table A7. Linear mixed-effects model outputs for combined model (L1 and L2 readers) for reading
time results.

Rereading Time (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value
(Intercept) 5.95 0.04 5.86–6.04 <0.001 ***

Log wordform frequency (LWF) −0.08 0.02 −0.11–−0.05 <0.001 ***
Logit word predictability (LWP) −0.03 0.01 −0.06–−0.01 0.001 ***

Scaled word length (SWL) 0.14 0.02 0.10–0.17 <0.001 ***
Scaled sentence length (SSL) −0.02 0.02 −0.05–0.01 0.240
Reader group—L2 (Group) 0.50 0.03 0.44–0.55 <0.001 ***

SWL × Group 0.04 0.01 0.02–0.05 <0.001 ***
LWF × Group −0.06 0.01 −0.08–−0.05 <0.001 ***
SSL × Group 0.02 0.01 0.01–0.03 <0.001 ***

Random Effects

σ2 0.39
τ00word.id 0.04
τ00item.id 0.02
τ00subj 0.05
ICC 0.21

Nsubj 71
Nitem.id 89
Nword.id 476

Observations 16,637
Marginal R2/Conditional R2 0.284/0.436

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 and L2 readers. The combined
model was built with the following fixed effects: word frequency, word length, word predictability, participant
group (L1 readers and L2 readers), sentence length in words (a control effect), and their interactions: word length
and frequency; participant group and word frequency; participant group and word length; participant group and
predictability; and participant group and sentence length. The random structure comprised participant, sentence,
and word intercepts. The simplified model with eliminating non-significant variables presented in the table.
*** p < 0.001.

Table A8. Linear mixed-effects model outputs for model L1 readers for reading time results.

L1: Rereading Time (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value
(Intercept) 5.48 0.03 5.41–5.55 <0.001 ***

Scaled word length (SWL) 0.10 0.01 0.07–0.13 <0.001 ***
Scaled sentence length (SSL) −0.04 0.02 −0.07–−0.01 0.011 *

Random Effects

σ2 0.32
τ00word.id 0.03
τ00item.id 0.01
τ00subj 0.04
ICC 0.21

Nsubj 40
Nitem.id 89
Nword.id 472

Observations 7410
Marginal R2/Conditional R2 0.025/0.225

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length. The random structure comprised participant, sentence, and word intercepts. The
simplified model with eliminating non-significant variables presented in the table. * p < 0.05; *** p < 0.001.
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Table A9. Linear mixed-effects model outputs for model L2 readers for reading time results.

L2: Rereading Time (ms)
Coefficient Estimates Std. Error Conf. Int (95%) p-Value
(Intercept) 6.43 0.06 6.31–6.56 <0.001 ***

Log wordform frequency (LWF) −0.14 0.02 −0.18–−0.11 <0.001 ***
Logit word predictability (LWP) −0.04 0.01 −0.07–−0.02 0.002 **

Scaled word length (SWL) 0.17 0.02 0.13–0.21 <0.001 ***
Random Effects

σ2 0.43
τ00word.id 0.05
τ00item.id 0.03
τ00subj 0.06
ICC 0.25

Nsubj 31
Nitem.id 89
Nword.id 476

Observations 9227
Marginal R2/Conditional R2 0.118/0.339

Note. We built a linear mixed-effects model to investigate the gaze duration for L2 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length as well as duration of studying Russian (as a measure of language proficiency) and its
four two-interactions with word frequency, word length, predictability, and sentence length. The random structure
comprised participant, sentence, and word intercepts. The simplified model with eliminating non-significant
variables presented in the table. ** p < 0.01; *** p < 0.001.

Table A10. Linear mixed-effects model outputs for combined model (L1 and L2 readers) for regression
in rate results.

Regressions-in Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.09 0.02 0.06–0.15 <0.001 ***

Log wordform frequency (LWF) 1.25 0.14 1.00–1.56 0.047 *
Logit word predictability (LWP) 0.70 0.03 0.65–0.76 <0.001 ***

Scaled word length (SWL) 1.32 0.16 1.05–1.67 0.017 *
Scaled sentence length (SSL) 0.92 0.06 0.81–1.05 0.211
Reader group—L2 (Group) 1.44 0.12 1.22–1.70 <0.001 ***

SWL × Group 0.95 0.02 0.91–0.99 0.010 *
LWF × Group 0.96 0.02 0.93–0.99 0.010 *
SSL × Group 1.03 0.01 1.00–1.05 0.038 *

Random Effects

σ2 3.29
τ00word.id 2.72
τ00item.id 0.24
τ00subj 0.40
ICC 0.51

Nsubj 71
Nitem.id 89
Nword.id 477

Observations 44,642
Marginal R2/Conditional R2 0.032/0.521

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 and L2 readers. The combined
model was built with the following fixed effects: word frequency, word length, word predictability, participant
group (L1 readers and L2 readers), sentence length in words (a control effect), and their interactions: word length
and frequency; participant group and word frequency; participant group and word length; participant group and
predictability; and participant group and sentence length. The random structure comprised participant, sentence,
and word intercepts. The simplified model with eliminating non-significant variables presented in the table.
* p < 0.05; *** p < 0.001.
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Table A11. Linear mixed-effects model outputs for model L1 readers for regression in rate results.

L1: Regressions-in Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.13 0.02 0.10–0.17 <0.001 ***

Logit word predictability (LWP) 0.78 0.04 0.71–0.86 <0.001 ***
Scaled word length (SWL) 1.17 0.09 1.00–1.37 0.045 *

Random Effects

σ2 3.29
τ00word.id 1.98
τ00item.id 0.17
τ00subj 0.43
ICC 0.44

Nsubj 40
Nitem.id 89
Nword.id 477

Observations 25,160
Marginal R2/Conditional R2 0.015/0.448

Note. We built a linear mixed-effects model to investigate the gaze duration for L1 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length. The random structure comprised participant, sentence, and word intercepts. The
simplified model with eliminating non-significant variables presented in the table. * p < 0.05; *** p < 0.001.

Table A12. Linear mixed-effects model outputs for model L2 readers for regression in rate results.

L2: Regressions-in Rate
Coefficient Odds Ratios Std. Error Conf. Int (95%) p-Value
(Intercept) 0.19 0.03 0.15–0.26 <0.001 ***

Logit word predictability (LWP) 0.69 0.03 0.62–0.75 <0.001 ***
Scaled word length (SWL) 1.10 0.09 0.93–1.29 0.261

Scaled sentence length (SSL) 0.97 0.06 0.86–1.08 0.546
Years of studying Russian (YSR) 0.89 0.10 0.72–1.10 0.284

SWL × YSR 0.95 0.02 0.91–0.99 0.008 **
SSL × YSR 1.04 0.02 1.00–1.08 0.050 *

Random Effects

σ2 3.29
τ00word.id 2.16
τ00item.id 0.15
τ00subj 0.36
ICC 0.45

Nsubj 31
Nitem.id 89
Nword.id 477

Observations 19,482
Marginal R2/Conditional R2 0.025/0.462

Note. We built a linear mixed-effects model to investigate the gaze duration for L2 readers. The model’s fixed
effects included word frequency, word length, predictability, sentence length, and the interaction between word
frequency and word length as well as duration of studying Russian (as a measure of language proficiency) and its
four two-interactions with word frequency, word length, predictability, and sentence length. The random structure
comprised participant, sentence, and word intercepts. The simplified model with eliminating non-significant
variables presented in the table. * p < 0.05; ** p < 0.01; *** p < 0.001.
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