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The present study expands the eye-tracking-while reading research toward less studied languages of different typological classes (polysynthetic Adyghe vs. synthetic Russian) that use a Cyrillic script. In the corpus reading data from the two languages, we confirmed the widely studied effects of word frequency and word length on eye movements in Adyghe-Russian bilingual individuals for both languages. We also confirmed morphological effects in Adyghe reading (part-of-speech class and the number of lexical affixes) that were previously shown in some morphologically-rich languages. Importantly, we demonstrated that bilinguals’ reading in Adyghe does differ quantitatively (the effect of language on reading times) and qualitatively (different effects of landing and previous/upcoming words on the eye movements within a current word) from their reading in Russian.
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Introduction

Recent eye-tracking studies have been specifically investigating universal patterns of reading across languages in monolingual (English in Cop et al., 2017; 13 languages in Siegelman et al., 2022) and bilingual individuals (Dutch-English in Cop et al., 2015; Chinese-English in Sui et al., 2022) within a corpus-based approach and traditional experimental paradigm [see a comparative study of reading in English, Finnish, and Chinese by Liversedge et al., 2016]. Whereas previous research has been done on major languages of language families, and on bilingual pairs using contrasted orthographies and morphological structures, the present study expands the eye-tracking-while-reading research toward less studied languages of different typological classes (polysynthetic Adyghe vs. synthetic Russian) with the same (Cyrillic) script.

Decades of eye-tracking research have already established psycholinguistic features that affect readers’ eye movements and, consequently, their language processing. The most robust lexical effects on eye-movements (i.e., the ones shown consistently across a range of empirical studies) are imposed by word frequency, word length and word predictability (Inhoff and Rayner, 1986; Rayner, 1998; Staub and Rayner, 2007). They were shown to affect both fixation durations and probabilities of skipping, i.e., the probability of a word being skipped and not fixated during the first-pass reading. Frequent words (Schilling et al., 1998), shorter words (Inhoff and Radach, 1998), and contextually more predictable words (Rayner and Well, 1996) are skipped more often and fixated for a shorter time (Clifton et al., 2007).

Apart from lexical features, morphological and morphosyntactic ones also affect eye movements across languages. For instance, verbs were shown to be read significantly slower than nouns in both Russian-speaking adults (Laurinavichyute et al., 2019) and children (Lopukhina et al., 2022). The latter also showed a difference in skipping rate based on the part-of-speech (POS) with verbs being less likely to be skipped than nouns (Lopukhina et al., 2022). Comparing two bigger groups of word classes (content words vs. function words) in English, Schmauder et al. (2000) reported that function words had a longer total reading time and were reread more frequently than content words. The study also found no evidence for a higher skipping rate on function words when frequency and length were controlled for.

To embrace a holistic approach to language reading with a range of linguistic features taken into account, reading corpora, also known as corpora of eye movements, have become a productive tool in the last decade [see The Multilingual Eye-tracking Corpus of eye movements while reading texts (MECO, Siegelman et al., 2022); Potsdam Sentence Corpus (Kliegl et al., 2004); Ghent corpus of bilingual text reading (Sui et al., 2022); Russian Sentence Corpus (RSC, Laurinavichyute et al., 2019); The child version of the Russian Sentence Corpus (ChiRSC, Lopukhina et al., 2022); The Bilingual Russian Sentence Corpus (BiRSC, Parshina et al., 2021) etc.]. Importantly, the corpora enable us to establish the basic characteristics of eye movements (eye movement benchmarks) and compare them across languages.

Crucially, disregarding the core idea of universality and language specificity that imply linguistic diversity as a necessary prerequisite, the languages in eye-tracking studies (incl. Eye-tracking corpora studies) are, so far, mostly Indo-European languages and the biggest representatives of Uralic, Sino-Tibetian, and Turkic language families, like Finnish, Chinese, Turkish etc. Moreover, the emphasis of the cross-linguistic comparison is primarily based on the differences in orthographies and scripts (English, Chinese, and Finnish in Liversedge et al., 2016; English and Russian in Parshina et al., 2021). Hence, a diversity in reading corpora, a focus shift on morphologically-driven cross-linguistic comparison of eye movements, and a greater attention to smaller representatives of language families, like minority languages is proposed.

The present study covers the eye movement benchmarks while reading in a polysynthetic minority language, Adyghe (also known as Adyghe),1 which has not been done before. Adyghe is one of the West Caucasian languages spoken in Russia and some Middle East countries. It is an SOV language spoken predominantly in southern Russia, by 81,294 people with 75,793 people using it on an everyday basis (according to the Russian Population Census, 2020).2 Adyghe uses the Cyrillic script, but includes some language-specific letters, and its orthography is opaque – i.e., the letter-phoneme correspondence is inconsistent and not transparent (Daniel and Lander, 2011; Polinsky, 2020). Adyghe includes the Bzhedugh, Shapsugh, Abadzekh, and Temirgoy dialects (Polinsky, 2020), where the latter is considered the standard variety.

As all Adyghe speakers are also Russian speakers (Polinsky, 2020), their reading data in both languages were collected and compared in within-language and within-group analyses. Russian is a Slavic synthetic SVO language with some analytic trends. It is based on a Cyrillic script, and its phoneme-letter correspondence allocates it to the language with medium-shallow orthography (Rakhlin et al., 2017; Zhukova and Grigorenko, 2019). The last years have seen a major growth in psycholinguistic studies of Russian, including three corpus studies of eye movements in different Russian-speaking populations (Laurinavichyute et al., 2019; Parshina et al., 2021; Lopukhina et al., 2022), that established eye movements benchmarks in Russian (summarized in Table 1) and described the contribution of lexical and morphosyntactic features into reading in Russian.



TABLE 1 Descriptive statistics of language use according to the shortened LEAP-Q form.
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To sum up, while there is some knowledge about the lexical, morphological, and morphosyntactic effects on eye movements during reading in different populations, languages, and orthographies, little is still known about the reading behavior of bilinguals in understudied, typologically different languages that use the same script. The goals of the study were, therefore, twofold. First, we aimed to establish benchmarks in eye movements while bilinguals were reading in a polysynthetic language (Adyghe) and report the psycholinguistic features that affect eye movements while reading in it. Second, we aimed to explore the differences between reading in two morphologically different languages (polysynthetic Adyghe vs. synthetic Russian), which are both Cyrillic-based.

A within-group comparison of reading bilinguals’ data in two languages enabled us to disentangle the effect of language, per se, and to shift from a common comparison of bilinguals with monolingual controls (Rothman et al., 2022). However, the discussion of the findings does rely on a meta-comparison with other Russian-speaking groups, like monolinguals (Laurinavichyute et al., 2019), Russian heritage speakers (HSs), and L2 learners of Russian (Parshina et al., 2021).



Materials and methods


Participants

Sixty five bilingual adult speakers of Russian and Adyghe took part in the study (57 women; Mean age = 30.2, SD = 13.5, range 18–60). The mean education level among participants was 14.9 years, SD = 2.3, range 11–20. All participants were recruited in Maykop, the capital of the Republic of Adygea, and they were primarily students of the Adygea State University (N = 32). The recruitment unfolded in 2 years: as a first stage of the study in 2021 and the final stage of data collection in 2022.

Whereas the majority indicated both Adyghe and Russian as their mother languages, 23 participants considered Adyghe as their only mother tongue, with Russian as their second language. At the same time, most participants’ family languages (i.e., languages spoken by their parents) were, again, both Adyghe and Russian (N = 57).

Fourteen participants indicated speaking more than one Adyghe dialect. In this case, we asked them to specify the one mostly used, rather preferred, and/or spoken in the family, which we considered as the dominant dialect. Hence, the distribution of Adyghe dominant dialects among the participants was as follows: Bzhedugh (N = 22), Kabardian (N = 12), Temirgoy (N = 11), and Abadzekh (N = 5).

It should be noted that Kabardian is treated among linguists as another Circassic language, − East Circassian (Daniel and Lander, 2011; Polinsky, 2020). At the same time, due to the great proximity and similarity to Adyghe, Kabardian speakers living in Maykop tend to identify themselves as Adyghe speakers of Kabardian variety, and point out that their Kabardian variety differs from the Kabardian language in the Republic of Kabardino-Balkaria. Hence, Kabardian participants were originally included in the present study, based on their self-identification, and on the language of their primary reading exposure – Temirgoy dialect in their former school education, with the latter being especially relevant for a reading study.

To ensure the homogeneity of the data sample, we checked for the differences in reading comprehension accuracy among the speakers of the four dialects. The Kruskal Wallis test (applied due to the non-normal distribution of residuals) showed that comprehension accuracy across the four dialects was different (chi-squared = 173.19, df = 2, p < 0.01). A post-hoc pairwise comparison of accuracies with a Dunn test confirmed that mean accuracies of Kabardian speakers differed significantly from speakers of Bzhedugh (adjusted p < 0.05) who represented the great majority of the population in Maykop, and of our dataset.

Based on the accuracy data differences, Kabardian speakers (N = 15) were excluded from further analysis. The final sample consisted, therefore, of 50 participants (44 women; Mean age = 32.7, SD = 14.1, range 18–60). The mean education level among participants was 15.1 years, SD = 2.1, range 11–20. We summarized the self-reported information about participants’ reading acquisition, reading skills, and reading exposure in both languages, from the shortened version of the Language Experience and Proficiency Questionnaire (LEAP-Q, Marian et al., 2007) in Table 1.

All participants had normal or corrected to normal vision. They all signed an informed consent form, and their participation was voluntary. The study was approved by the HSE Committee on Interuniversity Surveys and Ethical Assessment of Empirical Research.



Materials and design

The materials of the study consisted of two corpora of sentences: The Russian Sentence Corpus (RSC, Laurinavichyute et al., 2019) and The Adyghe Sentence Corpus (ASC), which was compiled in an analogous way to the RSC. The first version of the ASC in 2021 included 60 sentences with word annotation, whereas 40 more sentences and target words for a more controlled study design were added later in 2022. Hence, the full version of the ASC included 100 sentences of different syntactic structures typical for Adyghe. Similarly to the RSC, all words in ASC were annotated for parts of speech, word frequency (retrieved from Adyghe Corpus),3 and word length. Apart from that, the ASC included morpheme annotation (the number of morphemes, and number of roots, number of grammatical and lexical affixes). The parts of speech annotation was performed according to the function of a word in a sentence instead of its actual belonging to a word class and contained bigger classes of words like VERB for all verb-based words including participles, or FUNCTION for all non-content words like prepositions, conjunctions, etc. The distribution of parts of speech in the ASC was as follows: Nouns 38.4%, Verbs 32%, Pronouns 6.7%, Function words 2.7%, Adjectives 8.6%, Adverbs 11.5%.

To enable an experimental design and control data analysis for frequency, word length, and parts-of-speech class, the Adyghe Sentence corpus included target words in eight conditions. The 2 × 2 × 2 design consisted of two parts-of-speech classes (nouns and verbs), two word length classes (short words of 1–7 characters and long words of 8–19 characters), and two word form frequency classes (low frequency < 10 items per million (ipm), high frequency > 20 ipm). Each condition was represented with eight target words in the middle of a sentence (i.e., not the first or the last word), resulting in 64 sentences with a target word. The description of both sentence corpora used in the study is provided in Table 2.



TABLE 2 Descriptive statistics of the two corpora: The Russian Sentence Corpus (taken from Laurinavichyute et al., 2019) and The Adyghe Sentence Corpus.
[image: Table2]

A comprehension question with multiple answer options followed 33% of Russian sentences and 40% of Adyghe sentences. An example of sentences with a question in both languages is provided in Table 3.



TABLE 3 Examples of stimuli in Russian (from RSC) and Adyghe (from ASC).
[image: Table3]



Apparatus

Eye movements were recorded using an eye-tracking system EyeLink Portable Duo (SR Research, Canada), with sampling rate of 1,000 Hz. The stimuli were displayed in black Ubuntu Mono font, font size 30 pt., on a light-gray background of the ASUS ROG Zephyrus S GX701GV-EV006 laptop with 1920×1080 screen resolution and 144 Hz refresh rate. Participants were seated 52 cm from the screen, and 36.5 cm from the camera with their head positioned on a chin rest. Only the right eye was recorded.



Procedure

After signing a consent form, participants filled in a short questionnaire with their demographic data and their language background. Then, they proceeded with an eye-tracking part of the study. Participants from 2021 read the first version of the ASC with 60 sentences, whereas participants from 2022 read both corpora, in Russian and in Adyghe, in their final versions (i.e., 144 and 100 sentences respectively). In their case, the sequence of corpora presentations was counterbalanced. Participants were given both an oral and a written instruction about the experiment’s procedure. The eye-tracking-while-reading task started with a 9-point calibration (with an average error < = 0.5 and a maximum error < = 1.0), continued with the instruction for the experiment on the screen and was followed with the practice trials (5 in the RSC and 3 in ASC). Each trial started with a drift correction point on the position of the first letter in the first word of the sentence. If no fixation was detected within 500 msec, a recalibration was performed. Once a drift correction was successful, a sentence appeared in the middle of the screen. Participants were instructed to read sentences silently at their normal pace, and fixate on a red point in the right lower corner of the screen once they finished reading a sentence (see Figure 1 picturing how a trial was unfolding). After that, either a comprehension question, or a new trial appeared. Participants answered with a mouse click, choosing from the options presented. While reading one corpus, short breaks of 1–3 min were introduced, whereas a longer, up to 15 min break, was held between the two corpora. A re-calibration was performed after each break. Experimental procedure with.

[image: Figure 1]

FIGURE 1
 Experimental trial unfolding.




Data analysis

Statistical analysis was performed in R (R Core Team, 2020). Analysis of eye movements predominantly followed the protocol in Kliegl et al. (2006) and Laurinavichyute et al. (2019). Thus, the first and the last words in each sentence were removed. First fixation durations shorter than 60 ms were excluded from the analysis, as they were not likely to reflect lexical processing yet (see Sereno and Rayner, 2003). No upper cut-off limits were applied. The following 9 measurements of eye movements were chosen as dependent variables:

i. first fixation duration (FFD);

ii. single fixation duration (SFD);

iii. Gaze duration (GD);

iv. total reading time (TT);

v. probability of skipping the word (P0);

vi. probability of fixating the word only once (P1);

vii. Probability of fixating the word more than once (P2+);

viii. Probability of the word being an origin of a regressive saccade (RO);

ix. probability of the word being a goal of a regressive saccade (RG).

The listed measurements reflect both, early (FFD, SFD, GD, P0, P1) and late language processing (TT, P2+, RO, RG) - even though the same cognitive processes might overlap in different eye-movement measures (Holmqvist et al., 2011), early measures tend to be primarily associated with lexical activation, early information integration, and early morphological decomposition (Holmqvist et al., 2011, p. 385; Vasishth et al., 2013), while late measures reflect rather post-lexical processing including syntactic integration, and reanalysis (Boston et al., 2008; Holmqvist et al., 2011).

Continuous eye-movement outcome measures (FFD, SFD, GD, TT) were log-transformed and were fit with separate linear mixed-effects models. Binary variables (P0, P1, P2+, RO, RG) were fit with separate generalized linear mixed-effects models. Random effects for both model types included participants’ id, sentence number, and words. For modeling, lme4 package, version 1.1–31 (Bates et al., 2015) was used. Significant effects were adjusted for multiple comparisons with Bonferroni correction. Tables with the models’ output were created with sjPlot package, version 2.18.12 (Lüdecke, 2017), and are provided in the Supplementary materials. Figures were plotted with ggplot2 package, version 3.4.0 (Wickham, 2016).

The full list of independent variables was as follows:

a. word frequency

b. word length

c. part-of-speech class (POS)

d. word frequency of a previous word

e. word frequency of a next word

f. word length of a previous word

g. word length of a next word

h. word’s relative position in a sentence

i. landing position (how far from the word beginning the first fixation landed)

j. number of lexical affixes (for ASC only)

k. self-reported reading skill score in Adyghe (for ASC only)

Following Laurinavichyute et al. (2019), all word frequencies were log-transformed, word length was centered, but not scaled. POS was a factor variable with 6 levels [VERB, NOUN, ADJ(ective), ADV(erb), PRONOUN, FUNCTION], with verbs being the basis for comparison. The number of lexical affixes, as well as the reading skill score were centered, but not scaled.

The data analysis of eye movements included two parts in line with the aims of the study. First, to establish benchmarks in eye movements while reading in Adyghe and report psycholinguistic features that affect reading in this language, we performed analysis of eye movements in ASC. This analysis included subparts of all-word analysis in the final sample of 50 participants, and target-word analysis in 38 participants from 2022 data collection (when target words were introduced in the final version of the ASC). Second, to disentangle the effect of language per se on reading in bilinguals with two morphologically different languages, we conducted a within-group analysis of eye movements on all words while reading two corpora: ASC and RSC (N = 38).

Thus, taking into account the different linear models depending on the eye-tracking measure in focus, and on the analysis type (all-word vs. target-word), there were several model structures. The full structure of the models for continuous eye-tracking measures in all-word analysis was as follows: continuous eye-tracking measure ~ reading skill in Adyghe + word frequency + word length + next word’s length + next word’s frequency + previous word’s length + previous word’s frequency + word’s relative position + POS + number of lexical affixes + landing + (1 | participant) + (1 | sentence number) + (1 | word). The full structure of the models for binary eye-tracking measures in all-word analysis was as follows: binary eye-tracking measure ~ reading skill in Adyghe + word frequency + word length + number of lexical affixes + (1 | participant) + (1 | sentence number) + (1 | word).

The full structure of the models in target-word analysis (for both continuous and binary eye-tracking measures) was shortened to the controlled independent variables only: continuous/binary eye-tracking measure ~ word frequency + word length + POS + (1 | participant) + (1 | sentence number).

The full structure of the models for continuous eye-tracking measures in within-group analysis was as follows: continuous eye-tracking measure ~ lang*(reading skill in Adyghe + reading skill in Adyghe + word frequency + word length + next word’s length + next word’s frequency + previous word’s length + previous word’s frequency + word’s relative position + landing) + (1 | participant) + (1 | sentence number) + (1 | word). The full structure of the models for binary eye-tracking measures in within-group analysis was shortened to the very basic word features only: binary eye-tracking measure ~ lang*(word frequency + word length) + (1 | participant) + (1 | sentence number) + (1 | word). The code is freely available at Open Science Framework (OSF) platform, DOI 10.17605/OSF.IO/5UR8D.4




Results

All model outputs with significant effects reported in this section (i.e., after Bonferroni correction) are provided in Supplementary Tables S1–S6.


The benchmarks of eye movements in reading in Adyghe

The descriptive measures are summarized in Table 4 below.



TABLE 4 Descriptive statistics of eye-movements in reading ASC, Mean (SD).
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Word frequency

A significant effect of a word form frequency was observed across all basic fixation duration measures: in FFD (Est. = −0.01, SE = 0.00, t = −3.90, p = 0.002), in SFD (Est. = −0.02, SE = 0.01, t = −3.47, p = 0.08), in GD (Est. = −0.03, SE = 0.00, t = −6.01, p < 0.001), and in TT (Est. = −0.03, SE = 0.01, t = −6.27, p < 0.001). The direction of the effect was as expected: the fixation duration decreased with a higher word form frequency as illustrated in Figure 2. More frequent words were significantly more likely to be fixated only once (P1: Log odds = 0.06, SE = 0.02, t = 3.20, p = 0.007), and were less likely to be fixated two or more times (P2+: Log odds = −0.07, SE = 0.02, t = −3.93, p < 0.001). Additionally, the probability of a word being a goal of regression decreased with higher word frequency (RG: Log odds = −0.05, SE = 0.02, t = −3.10, p = 0.01). In target word analysis, the more frequent words elicited longer fixation durations in TT only (Est. = −0.03, SE = 0.01, t = −3.17, p = 0.006).

[image: Figure 2]

FIGURE 2
 Estimated fixation durations depending on the word frequency.




Word length

Longer words significantly increased GD (Est. = 0.10, SE = 0.00, t = 22.53, p < 0.001) and TT (Est. = 0.10, SE = 0.00, t = 20.66, p < 0.001) - see Figure 3. Longer words were shown to be less likely skipped (P0: Est. = −0.34, SE = 0.03, t = −10.38, p < 0.001) or fixated once only (P1: Est. = −0.50, SE = 0.02, t = −23.21, p < 0.001), whereas they were highly likely to be fixated more than twice (P2+: Est. = 0.54, SE = 0.02, t = 24.98, p < 0.001). Longer words were also significantly more likely to be a goal of regression (RG: Est. = −0.06, SE = 0.01, t = −4.75, p < 0.001).

[image: Figure 3]

FIGURE 3
 Word length effect on GD and TT in all-word analysis.


In target word analysis, the longer words elicited longer fixation durations in GD (Est. = 0.10, SE = 0.01, t = 14.91, p < 0.001) and TT (Est. = 0.10, SE = 0.01, t = 16.22, p < 0.001). The effects of fixation probabilities remained stable: in P0 (Est. = −0.78, SE = 0.13, t = −5.98, p < 0.001), in P1 (Est. = −0.57, SE = 0.05, t = −12.33, p < 0.001), in P2+ (Est. = 0.60, SE = 0.05, t = 13.14, p < 0.001), and in RG (Est. = −0.08, SE = 0.03, t = −2.68, p = 0.029).



Morphological features: POS class and the number of lexical affixes

Nouns were read significantly faster than verbs (TT: Est. = −0.13, SE = 0.03, t = −4.20, p < 0.001). However, other POS did not differ significantly from verb reading. Moreover, the target-word analysis with verbs and nouns did not show significant effects of POS either. Figure 4 shows predicted values of total reading times across all parts of speech. The number of lexical affixes significantly increased TT (Est. = 0.20, SE = 0.06, t = 3.17, p = 0.025).

[image: Figure 4]

FIGURE 4
 The predicted values of TT across parts of speech.




Word properties of previous and next words

Word length but not word frequency of a previous word significantly affected TT of reading a current word (Est. = −0.02, SE = 0.00, t = −3.92, p = 0.001). In turn, neither word length, nor word frequency of a next word affected eye movements while reading the current word.



Relative position and landing

Words in the middle and closer-to-final positions were first fixated longer (seen in FFD increase: Est. = 0.08, SE = 0.03, t = 3.13, p = 0.028), but they were read significantly faster in total reading time than word in the initial positions (TT: Est. = −0.28, SE = 0.06, t = −4.98, p < 0.001 – see Figure 5). Landing position further from the word beginning elicited longer FFD (Est. = 0.22, SE = 0.02, t = 12.25, p < 0.001) and SFD (Est. = 0.09, SE = 0.03, t = 3.06, p = 0.036), whereas it shortened GD (Est. = −0.12, SE = 0.02, t = −5.42, p < 0.001) and TT (Est. = −0.23, SE = 0.02, t = −12.22, p < 0.001) (Figure 6).

[image: Figure 5]

FIGURE 5
 The predicted values of TT depending on the word’s relative position in a sentence.


[image: Figure 6]

FIGURE 6
 The predicted values of TT depending on the landing position of a first fixation on a word.




Reading skill in Adyghe

The self-reported reading skill score in Adyghe significantly affected reading, which was seen in late fixation durations measures (GD and TT). With an increasing level of reading skills both measures decreased: GD with Est. = −0.16, SE = 0.04, t = −4.17, p < 0.001, and TT with Est. = −0.19, SE = 0.04, t = −4.52, p < 0.001.




Within-group analysis of reading in two languages

To guarantee that a within-group analysis across two languages can be run, and reading in two languages is comparable in the group under study, we first analyzed reading comprehension in both languages. Comprehension accuracy in Russian was, on average, 0.9, SD = 0.07, range 0.69–1, and comprehension accuracy in Adyghe was, on average, 0.88, SD = 0.09, range 0.67–0.99. The Shapiro test showed that accuracy data distribution departed from normality (p < 0.001), which is why a non-parametric test was used. The Wilcoxon signed rank test resulted in non-significant differences between reading comprehension in both languages (V = 306, p < 0.5).

These results are essential for further data analysis and interpretation, as they validate a within-group comparison of reading in two languages, and eliminate the effect of longer reading times, due to poorer comprehension. Table 5 summarizes descriptive measures of eye movements while reading in two languages.



TABLE 5 Descriptive statistics of eye-movement measures in two languages (N = 38), Mean (SD).
[image: Table5]

There were two significant effects observed consistently across all basic measures (FFD, SFD, GD, and TT): the effect of language (Adyghe), and word frequency. All reading times were higher in Adyghe compared to reading times in Russian (p < 0.001). Probability measures substantiated more effortful processing in Adyghe with lower probabilities of skipping and single fixations on words (both p’s < 0.001), and higher probabilities of 2+ fixations (p < 0.001) and regressions from the current word (p = 0.023).

A higher word frequency decreased all reading times (FFD, SFD, GD, and TT) with p < 0.001, increased skipping rate (p < 0.001), and decreased probabilities of more than one fixation (p < 0.001), re-fixations (p < 0.001), and regressions from the word (p = 0.012).

Word length and landing position were another two variables with consistent significant effects (p < 0.001) in SFD and GD. Additionally, an increased word length increased FFD (p = 0.003), TT (p < 0.001), and probability of more than one fixation (p < 0.001), whereas it decreased the probability of skipping and fixating a word once only (both p’s < 0.001). Landing position further from the word’s beginning increased not only SFD and GD, but also FFD (p < 0.001).

The main effects of parafoveal words (either frequency or length) were not significant. Word’s relative position further from the sentence beginning increased FFD (Est. = 0.03, SE = 0.01, t = 3.70, p = 0.005). The main effects of reading skills in Adyghe and Russian did not reach significance in any measures.

There were some interactions of language with other variables. We are reminded that Russian was taken as a baseline level for comparison, and it is, therefore, implied in the models’ intercept. Primarily, reading skills in both languages significantly affected reading in Adyghe, compared to reading in Russian, with p < 0.001 in all duration measures (FFD, SFD, GD, and TT). However, the direction of the effect was different. Higher reading skill in Adyghe accelerated reading in it compared to reading in Russian, whereas higher reading skills in Russian slowed down reading in Adyghe compared to reading in Russian.

No significant interaction of language and word frequency was found. Significant effects of word length in the interaction with language were found in late measures (GD and TT) and in fixation probabilities. Namely, longer words were read significantly longer in Adyghe (GD: Est. = 0.05, SE = 0.00, t = 10.45, p < 0.001; TT: Est. = 0.04, SE = 0.01, t = 7.19, p < 0.001) than words of the same length were read in Russian. Compared to Russian, longer words were less likely to be fixated only once (P1: Est. = −0.35, SE = 0.03, t = −13.54, p < 0.001), and were more likely to be fixated more than twice (P2+: Est. = 0.20, SE = 0.03, t = 6.83, p < 0.001).

The effects of the parafoveally located words’ properties (frequency and length) and current word’s relative position were not significant with the exception for the length of a previous word. Longer words on the left side decreased the total reading time of a current word (Est. = −0.02, SE = 0.00, t = −3.39, p = 0.015). Landing position further from the word’s beginning interacted with language in both early (FFD) and late measures (GD, TT). Namely, it took more time during the first fixation to process the word, and less time to read it in the next fixations compared to the same landing position in Russian.




Discussion

The present study aimed to answer two research questions: (1) what are the benchmarks of eye movements while reading in a polysynthetic language (Adyghe), and (2) how does its reading differ from reading in a synthetic language (Russian) that is based on the same script? To answer these questions, we collected eye-movement data while reading two corpora: the Russian Sentence Corpus (RSC, Laurinavichyute et al., 2019) and the Adyghe Sentence Corpus (ASC). The analysis of eye movements included two parts in line with the research questions. First, an analysis (of all words and target words exclusively) in a larger data sample (N = 50) while reading ASC was performed. Second, we conducted a within-group analysis (N = 38) of eye movements comparing reading in two languages.


Benchmarks of eye movements while reading in Adyghe

Overall, the most robust universal effects of word frequency and word length on eye movements found in previous research across different languages (Inhoff and Rayner, 1986; Rayner, 1998; Staub and Rayner, 2007) were confirmed in our study in a polysynthetic language. Simultaneously, the finding of word frequency not being a significant effect across a range of measures contradicts the previously studied effects across languages and might imply some inconsistencies in the Adyghe Corpus, which is a constantly developing source of word frequencies in Adyghe. Presumably, the word frequencies extracted at the moment of the study did not fully reflect actual language use and might need to be updated.

On the other hand, this peculiarity brings us to the underlying question of the definition of a word and its units in polysynthetic languages. Lexical affixes might be confused with roots, and a word form reflects not just the form variations of a lemma but new “words” in its common notion. The blurred word boundaries (Haspelmath, 2018) make it possible that we need a shift toward other frequency measures. It will likely be more efficient to include morpheme frequency and/or initial bigram frequency similar to the analysis conducted in Yan et al. (2014) in Uighur.

We also confirmed another universal effect in eye-tracking-while-reading research - the effect of word length. It was consistently observed in late duration measures, as well as in probability measures. Importantly, no effect of word length in early measures (FFD and SFD) resembles reading in Russian among monolingual adults in Laurinavichyute et al. (2019) and HSs in Parshina et al. (2021). No effect in RO and lower probability of regressions to the longer word (RG) are compatible with those in German (Kliegl et al., 2006), but not in Russian (Laurinavichyute et al., 2019; Parshina et al., 2021).

The effects of a previous/upcoming word in Adyghe partially resemble those in German monolinguals (Kliegl et al., 2006) and in high proficient Russian HSs (Parshina et al., 2021) but not in Russian monolinguals (Laurinavichyute et al., 2019). Specifically, longer previous words accelerated the total reading time of a current word in Adyghe, whereas longer upcoming words did not show any effect. This outcome seems logical, taking into account the higher average word length in Adyghe (cf. 7.5 letters in ASC vs. 5.7 letters in RSC) which does not enable their readers to extract lexical information from the right side in the parafoveal processing.

The influence of POS class on eye movements in Adyghe was in line with previous research in Russian (Laurinavichyute et al., 2019): verbs were read significantly slower than nouns (in TT), whereas other POS did not differ significantly from verb reading. This finding corresponds to the notion, across different fields of linguistics, that verbs are more complex units and are more difficult to acquire and process than nouns (Bassano, 2000; Mätzig et al., 2009; Crepaldi et al., 2011).

Finally, we observed a morphological effect of lexical affixes on eye movements in a polysynthetic language. Essentially, this finding confirmed that a higher number of lexical affixes increases cognitive load and is a relevant lexical feature to be controlled for. However, we have to acknowledge its limited distribution: only total reading times in all-word analysis, but not in target-word analysis, were affected. Presumably, either the limited distribution of the effect in a sentence or less controlled materials might account for these results.

A limited distribution of the morphological effect (monomorphemic vs. inflected words) was earlier observed in agglutinative languages (Finnish and Turkish). In Finnish, isolated words were affected by morphological complexity, whereas words in a sentence context were not (Hyönä et al., 2002). In Turkish, this effect in sentence reading was observed in probability measures but not in early measures like SFD (Özkan et al., 2021). Having said that, a preserved effect of morphological complexity in a sentence context was reported in Yan et al. (2014) on the materials of a highly agglutinative language (Uighur) in both early (FFD) and late (GD) measures.



Reading in polysynthetic Adyghe vs. reading in synthetic Russian

Whereas reading in both languages seem to be affected similarly by word frequency with more frequent words being read faster, it seems to be affected differently by word length. Namely, two significant interactions of word length with language while reading in Adyghe demonstrated that longer words in Adyghe are read slower than words of the same length in Russian. This might account either for morphological differences between languages (longer Adyghe words might have a more complex morphemic structure which loads processing, whereas long Russian words are not necessarily polymorphemic) or for differences in participants’ reading skills in the two languages.

The opposite effects of reading skills in Adyghe and Russian during reading in Adyghe reflect a common debate regarding language interference in bilinguals (Kaushanskaya and Marian, 2007; Libben and Titone, 2009). A higher reading skill in one language accelerated processing in that language but inevitably impeded processing in another one. Hence, participants with a higher self-assessed reading skill in Adyghe read Adyghe sentences faster than Russian ones, whereas participants with a higher self-assessed reading skill in Russian read Adyghe sentences slower than Russian ones.

Non-significant main effects of the neighboring words characteristics (frequency and length) together with their non-significant interactions with language leads us to conclude that speakers of a polysynthetic language do not rely on information about neighboring words. On the contrary, different Russian-speaking groups (monolinguals in Laurinavichyute et al., 2019; HSs and L2 learners in Parshina et al., 2021) do extract some information from upcoming words, even though it is predominantly observed on late measures. Apparently, bilingual speakers of a polysynthetic language transfer this processing pattern to their other language (Russian, in this case), which distinguishes their reading in Russian from other Russian-speaking populations.

Noteworthy are the differences in the preferred landing position across the two languages. Statistical analysis showed that a further landing position on an Adyghe word will result in more efficient word processing (with a longer FFD but shorter GD and TT) compared to reading in Russian if landing on the same position. Descriptively, Adyghe bilinguals tend to land closer to the word beginning (on the first 31% of the word letters) when reading in Adyghe and closer to the word’s center (on the first 48% of the word letters) when reading in Russian.



Limitations and further research

We must admit some limitations of the study. A corpus study has the pitfall of using less controlled materials, which can lead to multicollinearity among predictors. We partially addressed this issue in the target-word analysis, where three variables were controlled (frequency, length, and POS with verbs and nouns as levels), and in the all-word analysis, where the variance of the inflation factor (VIF) of the predictors was always less than 2. Most morphemic features in our data (except for the number of lexical affixes) were highly correlated with word length, which restricted us to one morphemic variable in the analysis and limited our investigation of morphological effects on reading in Adyghe.

Consequently, the primary suggestion for further research is either an orthogonally-designed experimental study on reading in Adyghe or a further exploitation of the ASC from a different perspective. For instance, the number of morphemes, together with the number of lexical and grammatical affixes, could be considered for another controlled-condition study. The great variety of dialects in Adyghe is an area for further corpus research. Not only was dialectal variation not the focus of our study, but we also had to exclude speakers of Kabardian from the analysis to ensure comparability with other dialects. Their data are, in turn, freely available together with other materials of the study at OSF, DOI 10.17605/OSF.IO/5UR8D (see footnote 4) and can be used in further research.

Apart from that, we see a potential to investigate in more detail the transfer of reading patterns that bilinguals make from one language to another. In our study, we observed this kind of transfer regarding the neighboring words: Adyghe-Russian bilinguals do not rely on their characteristics while reading in any language, whereas other Russian-speaking populations do when they read in Russian. The list of independent variables used to study eye movements from this perspective could be extended, and a different type of analysis (e.g., a scanpath analysis) could shed more light on reading patterns in the two languages and their interaction.
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Footnotes

1   In this paper, we stick to the term Adyghe that is widely used in typological literature, including The World Atlas of Language Structures (WALS, Dryer and Haspelmath, 2013).

2   https://eng.rosstat.gov.ru/

3   http://adyghe.web-corpora.net/

4   https://osf.io/5ur8d/?view_only=432e327cd0e64b5ca062be7e7e56b9b3
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