
����������	
��������������������������������� �

"������#����$	�

%�%	��������!�����&

�$	��	�'	�(��

)����!�!����!�����&

�	&$��
�'����	$

���!�����&����)��*�

�� ���'����	

%�%	��������!�����&

�!��	��+������

,� ��-����!�����&����.����	��$

�*�(.��	���#&�/�0����

%�%	��������!�����&�	�
�'���*����!�����&

���!�����&�����$����
	$

�	���	���	��!	

%�%	��������!�����&

���	�	�����������	�	�

���!�����&��������

© 2021, American Psychological Association. This paper is not the copy of record and may not
exactly replicate the final, authoritative version of the article. Please do not copy or cite without
authors' permission. The final article will be available, upon publication, via its DOI:
10.1037/xge0001038



SPELLING ERRORS ACROSS LANGUAGES 2

Correspondence concerning this article should be addressed to Victor Kuperman,

Department of Linguistics and Languages, McMaster University, Togo Salmon Hall 513, 1280

Main Street West, Hamilton, Ontario, Canada L8S 4M2. Tel: 905-525-9140, x. 24388,

E-mail: vickup@mcmaster.ca. The order of authors is alphabetic beginning from the second

author. Contributions of VK and AJK were partly supported by the Social Sciences and

Humanities Research Council of Canada Partnered Research Training Grant 895-2016-1008

(Libben, PI). Contribution by VK was further partially supported by by the Ontario Early

Researcher award (Kuperman, PI), the Canada Research Chair (Tier 2; Kuperman, PI), and

the CFI Leaders Opportunity Fund (Kuperman, PI). Contribution by AJK was supported by

the Social Sciences and Humanities Research Council of Canada Insight Development Grant,

430-2019-00851, (Kyröläinen, PI). Contribution of RB was supported by the MacDATA

fellowship award, the Vector Institute postgraduate affiliate award, and the Ontario Ministry

of Research and Innovation. We would also like to thank Dr. Ginter for providing expertise

and technical assistance in preparing the Finnish corpus data for this study, Heather Wild

and Evonne Syed for proof-reading the manuscript, and Peter Hendrix for valuable

discussions. Preliminary results of the study were presented at the Psycholinguistic Circle,

University of Toronto, and the Formal Colloquium, Haskins Laboratories, New Haven, CT,

USA: we thank the audiences for their feedback. All stimuli and carrier sentences are

available at https://osf.io/js96z/?view_only=835bfff7f785473ab43b455c284aec80



SPELLING ERRORS ACROSS LANGUAGES 3

Abstract

This cross-linguistic study investigates the impact of spelling errors on reading behavior in

five languages (Chinese, English, Finnish, Greek, and Hebrew). Learning theories predict

that correct and incorrect spelling alternatives (e.g., tomorrow and tommorrow) provide

competing cues to the sound and meaning of a word: the closer the alternatives are to each

other in their frequency of occurrence the more uncertain the reader is regarding the spelling

of that word. An information-theoretic measure of entropy was used as an index of

uncertainty. Based on theories of learning, we predicted that higher entropy will lead to

slower recognition of words even when they are spelled correctly. This prediction was

confirmed in eye-tracking sentence reading experiments in five languages widely variable in

their writing systems, phonology and morphology. Moreover, in each language we observed a

characteristic entropy × frequency interaction: arguably, its functional shape varied as a

function of the orthographic transparency of a given written language.

Keywords: spelling; learning; eye movements; reading; cross-linguistic studies
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Revision of XGE-2020-2417R1 as invited by the action editor, Nelson Cowan.

Prevalence of spelling errors affects reading behavior across languages

Introduction

This study examines the phenomenon of spelling errors as a window into the structure

of orthographic representations in the mental lexicon and a source of influence on reading

behavior in proficient readers. Spelling errors, or deviations from conventional orthographic

forms, are ubiquitous in all writing systems, as evidenced by patents and commercial

solutions implementing spell-checking across a broad variety of languages (e.g., Choudhury et

al., 2007; Haug et al., 2003). In psycholinguistic research, spelling errors have long been

viewed as valuable evidence of developmental trajectories that literacy acquisition undergoes

in healthy and dyslexic beginning readers (e.g., Landerl & Wimmer, 2008; Moll et al., 2014;

Perfetti, 1997; Protopapas et al., 2013; Ravid, 2011; Shahar-Yames & Share, 2008; Treiman,

1993; Treiman & Bourassa, 2000). Effectively, this literature views spelling errors as a

behavioral signature of deficient orthographic representations or of weak associations

between orthographic and phonological forms of words. In other words, spelling errors are

seen as a byproduct—or index—of ongoing orthographic development.

This paper explores another possibility, namely that the link between spelling variation

and the quality of orthographic representations is reciprocal rather than unidirectional

(Rahmanian & Kuperman, 2019). That is, spelling errors may both reflect and cause

unsuccessful orthographic learning. This latter conjecture originates from the Lexical Quality

Hypothesis (Perfetti, 2007; Perfetti & Hart, 2002), and is conceptually compatible with

several computational models of discriminative learning (e.g., Baayen, Milin, Durdevic,

Hendrix, & Marelli, 2011; Ramscar, Yarlett, Dye, Denny, & Thorpe, 2010; Ramscar, Dye, &

McCauley, 2013; Rescorla & Wagner, 1972), computational models of word recognition

(Seidenberg & McClelland, 1989; Plaut et al., 1996) and the self-teaching hypothesis (Share,

1995). Under all these accounts, exposure to printed words leaves episodic memory traces of

the word’s letters, sounds, and meanings that co-occur during a learning event.
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To learn a word successfully means to acquire “crisp” representations of the word’s

orthography, phonology and semantics, and strong associations between these representations

(Perfetti, 2007). Yet the strength of an association between a cue (the spelling of a given

word) and the outcome of learning (the word’s meaning) is attenuated at every learning

event when that cue co-occurs with another meaning (e.g., the homograph bank used to

denote “a shore” instead of a more common meaning “financial institution”). Also, when

several cues co-occur with the same meaning they “steal exposure” from one another. For

instance, every co-occurrence of the meaning “the day after today” a non-standard form

tommor-ow strengthen that cue-outcome association and does not strengthen the association

between the meaning of “the day after today” and the orthographic standard form tomorrow

(e.g., Rescorla & Wagner, 1972; Ramscar et al., 2013). It follows that common spelling errors

create competition to correct spellings and that they draw away learning opportunities that

a co-occurrence of a correct spelling and a meaning would afford. These processes lead to

impaired orthographic learning and less stable orthographic representations. Specifically, the

more often the non-standard form tommorow is found in a context consistent with the

meaning “the day after today”, and the more uncertainty the reader experiences when

mapping the correct form tomorrow and its meaning (Rahmanian & Kuperman, 2019).

An important premise of these theories is that animal or human learning stems from

the statistics of co-occurrence of cues and stimuli in a learner’s environment and is not

necessarily sensitive to the reasons that give rise to these statistics. For instance, a learning

model mapping orthography to semantics would gloss over the fact that the spelling variant

(tommorrow) in our example likely exists due to the ambisyllabic nature of /m/, which is

phonologically realized in the coda of the first and the onset of the second syllable of the

word. Likewise, it would deem irrelevant the fact that receive is often misspelled as recieve

because ie is a more frequent bigram than ei when expressing /i:/ in English. These

considerations do not factor into mathematical models of the learning trajectory (e.g.,

Rescorla & Wagner, 1972). What does play a critical role for predictions of a learning
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account are the relative frequencies with which an individual experiences competing

orthographic forms simultaneously with meanings of “the day after today” and “obtain”,

respectively. This is regardless of whether such frequencies are due to an experimental

manipulation or represent some underlying tendencies in the natural environment. As we

discuss at length below, in natural language it is difficult to definitively demonstrate that a

distribution of spelling errors has a direct causal link to the quality of orthographic

representations and is not merely a mediator of an underlying linguistic problem (e.g.,

ambisyllabicity or morpho-phonological irregularity). This paper presents cross-linguistic

evidence that is compatible with the proposed causal role of spelling alternation and outlines

ways in which future research can validate this proposal.1

Rationale and general approach

Our first goal is to probe the generality, across languages and scripts, of spelling errors

as one of possible causes of disrupted word learning and effortful recognition. As our

empirical base, we chose five written languages – (simplified) Chinese, English, (unpointed)

Hebrew, Greek, and Finnish – that span a very wide range of cross-script and cross-linguistic

variability (Schmalz et al., 2015). In particular, this language set represents three types of

writing systems (alphabetic, consonantal abjad, and logographic), four language families

(Indo-European, Sino-Tibetan, Semitic, and Finno-Ugric), and highly dissimilar organizing

principles of the respective morphological (agglutinative, isolating, non-concatenative,

fusional) and phonological (tonal and atonal) systems. We aim to establish whether the

existence and frequency of alternative word spellings in any given written language predicts

how strongly orthographic representations are associated with their phonological and

semantic counterparts. We use sentence reading with eye-tracking as an experimental

paradigm.

The second goal directly targets the cross-script and cross-linguistic variability. We

1 We thank anonymous reviewers and the editor for insightful comments on this topic.
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investigate whether differences between writing systems systematically modulate the nature

of orthographic representations and the strength of the competition between them.

To pursue these goals, in Study 1 we adopt the analytic approach developed in

Rahmanian and Kuperman (2019)’s study of English spelling errors and apply it to the five

languages. Four out of the five resulting analyses (in Chinese, Finnish, Greek and Hebrew)

report novel data, while one (English) reports a re-analysis of Rahmanian and Kuperman’s

(2019) data. As the design and analysis procedures are virtually identical across languages,

we present the results as a single cross-linguistic study. In each language, we select a set of

correctly spelled words and their non-standard spelling variants. The words are selected to

have a non-negligible proportion of misspelled occurrences in naturalistic texts likely to be

encountered by skilled readers. Their respective frequencies of occurrence in natural

language production are estimated using corpora of unedited texts (webpages, blogs, emails,

chats, and others). While the learning principles from which we derive our predictions are

general, to ensure comparability between languages we largely confine our analysis to

homophonic spelling errors (commit, tomorrow vs comit, tommorow), which map onto

identical phonological and semantic representations but give rise to alternative and

competing orthographic representations. In all samples but Greek, we also selected words

that only have one non-standard spelling variant with a non-negligible frequency of

occurrence: thus, entropy was calculated on a frequency distribution consisting of two

orthographic forms. Furthermore, we only consider non-word spelling errors, i.e.,

non-standard orthographic forms that are not identical to any existing words. In sum, the

main question of the study is, are there detectable differences in word recognition measures

that are associated with degree of exposure to misspelled variants?

We use an information-theoretic measure of entropy (defined below) to quantify the

degree of competition between the correct and incorrect spellings, and the degree to which

incorrect spellings may weaken the association between the word’s meaning and its correct

spelling. To highlight the entropy effect, we select words that represent a broad range of
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entropy. These words are then embedded into sentences. Importantly, all sentences in all

languages in our study only contain correctly spelled words. Readers are never exposed to

misspelled words during this experiment. Native proficient readers of the respective language

are presented with sentences for silent reading, while their eye movements are recorded. In

some languages, we administer additional tests to evaluate the readers’ spelling ability and

the experience with printed materials. Statistical models are used to determine whether

entropy of spelling variants affects reading times to target words and whether it interacts

with other linguistic variables associated with the writing system.

Revealing effects of cumulative experience. Given that the readers were never

exposed to incorrectly spelled forms during reading in this study, we hypothesize that

exposure to misspelled variants in their previous reading experience has affected their

orthographic representations in ways that can lead to observable effects in normal reading of

correctly spelled words. Thus, in all five languages, we examine the infuence of the spelling

alternation in an indirect way, that is, by instructing participants to read sentences with

correctly spelled words that vary in how often they are misspelled. This decision (following

Rahmanian & Kuperman, 2019) sets the present study apart from a long tradition of

research on spelling errors (e.g., Nisbet, 1939; Pintner, Rinsland, & Zubin, 1929; Frith, 1980).

Earlier studies have typically exposed participants to either correct or incorrect

spellings of a word and then presented a task in which participants had to read a spelling

congruent or incongruent with the previous exposure, produce a correct spelling in writing,

or discriminate between spelling variants (e.g., Brown, 1988; Frith, 1980). This literature

strongly supports the notion that any task that involves exposure to spelling errors leads to

a higher likelihood of a later spelling error in a writer and a slower recognition of a correct

variant by a reader. Conversely, exposure to or production of a correct spelling has a

beneficial effect on spelling accuracy and speed of processing of correct variants (Brown,

1988; Burt, Salzgeber, & Carroll, 2013; Burt & Tate, 2002; Jacoby & Hollingshead, 1990).

These findings largely hold true for both proficient adult readers with varying levels of
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spelling ability and 10-year-old children (Dixon & Kaminska, 2007), and are confirmed both

immediately after exposure to a correct or incorrect spelling and after one week (Dixon &

Kaminska, 1997).

The findings above corroborate the learning account which we advocate in this paper.

To illustrate the point, consider the results of Ouellette, Martin-Chang, and Rossi’s (2017)

study of English spelling (see also Rossi, Martin-Chang, & Ouellette, 2019 for related

findings). In the study, participants took a spelling pre-test and then repeatedly read aloud

written words that they did not spelled correctly in the pre-test. After this spelling training,

the post-tests revealed that spelling accuracy increased for those words and word reading

times decreased. The more improvement there was in spelling accuracy the greater the

improvement in speed was. This result is fully in line with the predictions of theories of

learning and the predictions of our study. Because the correct spelling is typically dominant

and more frequent, a further increase in its frequency of occurrence leads to a decrease in

entropy and uncertainty. This in turn leads to more accurate and rapid performance in

lexical tasks. To generalize, exposure to any specific orthographic form is expected to lead to

a more accurate and faster recognition of that form and, at the same time, to a less accurate

and more effortful recognition of its competitors. This is what may explain both a faster

recognition of correct words after increased exposure to them as well as a greater likelihood

of making a spelling error and a slower recognition of a correct form after being exposed to

spelling errors in one’s input (see references above).

Our approach opts against presenting non-standard spellings as stimuli or even

mentioning them in experimental instructions. This design removes the possibility that

non-standard spellings are primed during the experiment as part of task demands. We also

eschew repeated exposure to a given spelling during the experiment. This setup exclusively

taps the orthographic representations formed during readers’ natural cumulative exposure to

written language. As a result, if we do observe a behavioral footprint of a competition

between correctly and incorrectly spelled variants of a word, it may reflect the language
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statistics acquired by the reader through prior experience with spelling variants of the word.

There is evidence that these kinds of statistics is indeed available to readers (for

studies of spelling errors see e.g., Bar-On & Kuperman, 2019; Gahl & Plag, 2019; Schmitz,

Chamalaun, & Ernestus, 2018). Prior literature suggests that spelling errors can harm an

individual’s orthographic lexicon through passive exposure, even if the individual has a high

spelling ability and does not independently produce such errors. This observation finds both

anecdotal and formal support in reports of educators and research assistants who experience

disproportionately frequent exposure to misspellings (e.g., Frith, 1980; Jacoby &

Hollingshead, 1990)2. Our own work (Falkauskas & Kuperman, 2015; Kuperman & Bertram,

2013; Rahmanian & Kuperman, 2019) has further shown that distributional patterns of

spelling alternation in English affect word recognition in both lexical decision and

eye-movement behavior, whether all variants were acceptable under the language’s spelling

conventions (e.g., girlfriend, girl-friend, and girl friend) or not (commit vs comit). The

present set of studies continues a cross-linguistic exploration of whether the long-term

dynamics of orthographic learning shapes both how orthographic representations are formed

and how they compete in the mental lexicon.

Quantification of spelling variability

As argued above, multiple ways to express in print the same phonological word and

meaning are expected to lead to competition among orthographic representations. As

predicted by models of discriminative learning (Baayen et al., 2011, 2017; Ramscar et al.,

2010, 2013; Rescorla, 1988; Rescorla & Wagner, 1972), a reader will develop the strongest

2 Jacoby and Hollingshead (1990) highlight the dramatic effect of extensive exposure to incorrectly spelled

words in the process of data collection on the second author Ann Hollingshead who was in charge of creating

misspelled stimuli. Specifically, she reported losing confidence in her spelling accuracy: The word might look

right to her because it was one of their incorrectly spelled stimuli. These effects turned out to be long-lasting.

Thirty years later, Ann Hollingshead reports that “[. . . ] the words we used as stimuli still give me pause to

this day” (personal communication, 27-03-2019).
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association between a given spelling, sound, and meaning when this spelling is either unique

or very frequent relative to alternatives. Yet, every exposure to a spelling error precludes

this association from strengthening, and the reader will be at the peak of uncertainty about

the print-meaning (or print-sound) mapping if there are many alternative spellings, or if

alternatives have a similar frequency of occurrence in the written language. In line with

extensive prior literature stemming from Shannon (1948), we operationalize this intuition

using an information-theoretic measure of entropy. Entropy is a non-negative measure of

uncertainty associated with selecting one of the available variants. Equation (1) below

operationalizes entropy H on the basis of a probability distribution of spelling variants of a

word, defined as:

H = −

n∑

i=1

pi log
2

pi, (1)

where p is the relative frequency (probability) of each spelling variant i in the summed

frequency of all n variants of the word.

Consider a word that is conventionally spelled as innocent. In the 7 billion-token

USENET corpus of email communication (Shaoul & Westbury, 2013), this word occurs

141,960 times (69% of the time) in its standard form and 62,665 (31%) as inocent. The

entropy H of this distribution is −(0.69 ∗ log
2

0.69 + 0.31 ∗ log
2

0.31) = 0.89 bits. This is a

relatively high value, reflecting a high relative frequency of the non-standard variant and a

substantial amount of the competition between the variants. Words that mostly occur in one

form (e.g., necessary 98% vs neccessary 2%) yield relatively low values of entropy

(H = −(0.98 ∗ log
2

0.98 + 0.02 ∗ log
2

0.02) = 0.14 bits). While these examples only have two

spelling variants, an extension of entropy computations over probability distributions with

more than two variants is trivial given Equation (1). For a worked example, see Milin,

Kuperman, Kostić, and Baayen (2009). Spelling entropy is a measure of average uncertainty

among competing orthographic representations. We note that by only considering

probabilities of alternative forms in a corpus as a snapshot of language use, entropy is likely

to oversimplify the nonlinear dynamics of learning which unfolds over time (Baayen et al.,
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2011). Other, more refined operationalizations may be proposed in the future.

Hypotheses

We report a coordinated set of experiments across multiple, very diverse scripts. Our

first prediction is quite simple: It is that spelling entropy affects word recognition in all

writing systems, despite their diversity. The more uncertainty there is in choosing one of the

available orthographic representations of a word, the more difficult we expect the recognition

of that word to be, even if it is presented in its standard spelling. That is, we predict that, in

all languages, higher entropy will be associated with more effortful processing, evidenced, for

example, in longer reading times.

Our second set of predictions concerns the conditions under which the effect of entropy

can be expected to be strongest. We hypothesize that these conditions will relate to the

nature of the language and the writing system involved. In their analysis of the English

reading data, Rahmanian and Kuperman (2019) argued that the inhibitory effect of entropy

is more salient in higher-frequency words. The rationale was that competition between

alternative spellings presupposes that both spellings are sufficiently entrenched in one’s

mental lexicon. If a reader has not seen errors like comit or inocent enough times, then such

orthographic forms will not have generated mental representations strong enough to compete

with commit or innocent, respectively. This scenario is well described by the English adage

“what you don’t know can’t hurt you”.

On the other hand, a case can be made for the very opposite direction of the interaction.

The inhibitory effect of entropy may be most salient in lower-frequency words. This could be

because such words have the least stable orthographic representations to start with, due to

rare exposure. When the most common (presumably correctly spelled) variant cannot benefit

from a well established orthographic representation, the competition between alternative

spellings may be stronger. To rephrase, in this scenario the competition can hurt the most

when all orthographic representations, including the winning one, are fluid rather than crisp.



SPELLING ERRORS ACROSS LANGUAGES 13

The staggering variability between writing systems in this study can modulate the

effect of entropy in a way that engenders an entire continuum between these two extremes.

That is, the entropy effect may be most noticeable in the most entrenched, high-frequency

words vs. the least established, low-frequency words. We do not posit an a priori causal link

between specific parameters of a writing system and the functional form of the entropy ×

frequency interaction. Instead, we offer an exploratory study of whether this link may exist

and, in the General Discussion, speculate which cross-linguistically relevant parameters are

consistent with the observed patterns.

Cross-linguistic eye-tracking data in five language samples are presented below as one

study, in decreasing order of orthographic depth, that is, from the most opaque Chinese, to

English, Hebrew, Greek and the most transparent Finnish3. Given the vast differences

between these languages, the types of spelling errors examined here are language-specific

(described below). Otherwise, all critical parameters of the experimental procedure and data

processing were shared between the five samples. In the Methods section, we first present

shared details of the procedure and a cumulative description of participants and stimuli. We

then follow up with sample- and language-specific details of the stimuli and data collection.

The Results section presents the findings by language sample and then in a joint analysis.

Methods

Participants

All participants were university students between 18 and 30 years of age and native

speakers of the language of testing. In all samples, except Chinese, participants were tested

3 Orthographic depth refers to how transparently orthography represents the phonological system of the

respective spoken language (Katz & Frost, 1992). The order of English versus Hebrew is a matter of debate,

see Frost, Katz and Bentin (1987). Since no uniform definition or metric for transparency exists (Borleffs et

al., 2017; Schmalz et al., 2015), we accept the possibility of a different ordering, and it does not affect our

critical conclusions.
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Table 1

Participants, apparatus and stimulus properties across the five language samples.

Language N subjects (n female) Eye-tracker Font, point size Visual angle per Compensation

(sampling rate) letter/character

Chinese 30 (28) EyeLink 1000 (1000 Hz) NSimSun 22 0.55◦ credit or 15 USD/hour

English 34 (24) EyeLink 1000 (1000 Hz) Courier New, 22 0.36◦ course credit

Hebrew 30 (18) EyeLink II (500 Hz) Miriam, 15 0.58◦ 15 USD/hour

Greek 72 (58) EyeLink 1000+ (1000 Hz) Arial, 22 0.4◦ none

Finnish 32 (24) Portable Duo Eyelink (500 Hz) Courier, 14 0.33◦ course credit

Language N words Correlation of entropy-frequency (p value) N trials (after trimming)

Chinese 70 -0.16 (0.191) 2190 (1626)

English 68 -0.5 (0.001) 2380 (2052)

Hebrew 78 0.04 (0.7261) 2370 (2202)

Greek 61 0 (0.9932) 4392 (4184)

Finnish 81 0.18 (0.0996) 2592 (2542)

in a country where the language of testing was dominant. Chinese participants were enrolled

in one of the programs in a Canadian university. Their entire testing session was conducted

in Mandarin. Details of sample sizes, gender distribution, and compensation are provided in

Table 1. Additionally, mean ages were 21.4 (Chinese), 20.9 (English), 19.0 (Greek), 24.7

(Finnish), participant age was not recorded for Hebrew, but was in the same age range as in

other countries, as undergraduate students from the Hebrew University of Jerusalem

performed the experiment for course credits.

It is also likely that individual variability in lexical quality of either specific

orthographic representations or differences in the spelling skill in general are important

modulating factors for the predicted role of spelling entropy. Individual differences are

known to exist in how orthographic representations for alternative spelling are formed and

how stable they are under repeated exposure to either prescribed or non-standard spellings

(see Ouellette, Martin-Chang, & Rossi, 2017; Rossi, Martin-Chang, & Ouellette, 2019 and

references above). While we recognize the importance of individual differences, the present

set of studies is not designed to address this issue in full. First, we expose all participants to

only one instance of each target word, which precludes an examination of learning or
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un-learning effects within an experiment. Second, while we report effects of individual

differences tests in some languages, not all languages under consideration have acceptable

tests of spelling ability or general language ability. Thus we do not have standardized and

universal instruments at our disposal. Finally, our samples are skewed towards more

proficient readership (university students) and are not large enough to reliably assess

individual variability. The studies below explore general tendencies in groups of participants,

while the question of inter-participant variability and individual learning is relegated to

future research.

Materials

In all experiments, target words were selected to represent a broad range of entropy

values. Our hypotheses are best tested when both lower- and higher-frequency words exhibit

a wide range of uncertainty regarding the standard and non-standard spellings. Therefore,

where possible, words were selected such that their entropy based on the relative frequencies

of spelling variants was not correlated with either the frequency of the standard spelling or

the joint frequency of all spelling variants. Table 1 lists the number of words in each language

and the correlation (Pearson’s r) between entropy and log frequency of the correct spelling.

All target words were embedded in sentences in their standard, correct spelling and

were presented for silent reading for comprehension. Carrier sentences were syntactically

simple, and the target word was never the last word of the sentence nor the last word on a

line. All stimuli and carrier sentences are publicly available (see Kuperman et al., 2020).

Between 25 and 35% of sentences across samples were followed by simple yes-no

comprehension questions to ensure attentive reading. Language-specific strategies for

selection of target words are further described below.

Procedure

Participants were instructed to read sentences on a computer screen silently for

comprehension. The presentation computer interfaced with the eye-tracker and was
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synchronized with the stimulus control computer. Eye movements of participants were

recorded using EyeLink video-based eye-tracking systems produced by SR Research Ltd.

(Kanata, Ontario, Canada). Only one eye was monitored. Participants were seated 60–80 cm

from the video monitor. A chin and a head rest were used to reduce movement during the

experiment at all sites except for the Hebrew sample, which was tested using a head-mounted

eye-tracker. Table 1 lists details of the eye-tracking systems used across labs, including their

sampling rates, as well as the visual angle subtended by one character in each study.

At the beginning of the experiment, the eye-tracking system was calibrated for each

participant using either 3 (for Chinese, English, Finnish, and Greek samples) or 9 location

points (Hebrew). Participants then read several practice sentences. Sentences appeared on

the screen individually. Each trial started with a fixation point in the middle of the left-hand

side of the monitor (right-hand side for Hebrew, which is read in the right-to-left direction).

This coincided with the location of the first letter of the sentence and served as a single-point

shift correction aiming to increase the accuracy of monitoring eye movements. Once the

participant focused on the fixation point for 200 ms, the sentence was displayed. The

sentence remained visible until the participant finished reading it and either pressed space

(for Chinese, English, Finnish, and Greek samples) or moved her/his eyes to a green square

located at the bottom of the left-hand side of the screen (Hebrew). Each sentence occupied

exactly one horizontal line on the screen. All participants read the same set of sentences but

the sentence order was randomized.

Experiments in English and Chinese were conducted at McMaster University (ethics

protocol #2011-165 “Research program of the eye-tracking lab” from McMaster Research

Ethics Board); the experiment in Hebrew was conducted in the Hebrew University of

Jerusalem (protocol #2019C22 “Orthographic and morphological factors in reading” from

the Ethics Research Board). University of Turku and the National & Kapodistrian

University of Athens where experiments in Finnish and Greek were conducted do not require

an ethics clearance for non-medical research with healthy adult native-speakers: in all cases,
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researchers followed the APA and the Declaration of Helsinki ethics guidelines.

Variables

The dependent variables were first fixation duration on the target word, gaze duration

(the summed duration of all fixations before leaving the word for the first time), total

fixation time (the summed duration of all fixations on the word) and the regression rate (the

likelihood that the reader would leave the target word in the direction opposite to the

direction of reading). Across all datasets, total fixation time was the only eye-movement

measure that consistently showed cross-linguistic critical main effects of spelling entropy or

the critical entropy × frequency interaction. We also report below analyses of other

eye-movement measures that revealed critical effects of interest.

Our predictions of cross-linguistic variability are couched in terms of the entropy ×

frequency interaction. We opted for using frequency of the correctly spelled words: other

options – e.g., joint frequency of all spelling variants – were very strongly correlated with our

choice. Word length was used as a control predictor in all samples except Chinese, where all

target words were two characters long. Where available (English, Finnish, Greek, Chinese),

indices of individual reading or spelling proficiency were included as controls: see description

below. Finally, the ordinal number of a trial in the experiment was considered to account for

possible effects of habituation or fatigue.

Frequencies of spelling variants may be dependent on how expected (frequent) the

orthographic elements of those variants are and how dense the orthographic neighborhood of

these variants is. A less expected orthotactic structure (e.g., euphoric or a less common /ei/

instead of a more common /ie/ in seize) may lead to an increase in spelling errors and

reading times. A denser orthographic neighborhood may also lead to an increase in spelling

errors because it could require a discrimination of either a correct or an incorrect spelling

from a larger number of competitors. We were able to calculate the OLD20 and the bigram

frequency measure for stimulus words in English, Greek, and Finnish and included these
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variables as covariates in respective models. We calculated the average bigram frequency or a

given word based on word types in a given language. The orthographic Levenshtein distance

20 (OLD20) measure is based on calculated Levenshtein distance between all pairs of words

in a lexicon, where distance is defined as a number of insertions, deletions, or substitutions

needed to transition from one orthographic form to another (Yarkoni, Balota, & Yap, 2008).

The value of OLD20 for a word is the mean Levenshtein distance from that word to its 20

closest orthographic neighbors. For Finnish, the data are based on the word list provided by

the Institute for the Languages of Finland consisting of 94,110 lemmata (version 1); the

Greek data are based on the SUBTLEX-GR restricted word list consisting of 145,631 tokens;

and the English data are based on the CELEX word list consisting of 66,330 tokens included

in the R package vwr (version 0.3.0).

Statistical considerations

We made use of generalized additive mixed effects models (GAMM; Hastie &

Tibshirani, 1990; Wood, 2006) as implemented in the mgcv package 1.8-23 (Wood, 2011;

Wood, Pya, & Saefken, 2016) of the R statistical computing software v. 3.6.1 (R Core Team,

2017). Unlike a linear regression model, in a GAMM the functional relation between a

predictor and the response variable need not be linear (Baayen, Kuperman, & Bertram,

2010). Instead, the GAMM enables a flexible smoothing of nonlinear relations in any number

of dimensions. In a GAMM, multiple predictors may be combined into a single smooth term

(often modeled as a tensor product), yielding either a nonlinear functional relationship

(between one independent variable and a dependent variable), a wiggly surface (when two

independent variables are combined) or a wiggly hypersurface (when three or more

independent variables are combined) (e.g., Matuschek, Kliegl, & Holschneider, 2015). We

opted for GAMM so as to avoid imposing a specific (linear) form on the relationship between

critical predictors and outcomes. In some of the analyses the linear (planar) form was

estimated to be the best approximation for the functional form of the interaction, while in
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others the interaction was best approximated as a wiggly, non-planar surface.

For each language sample we present a model and a plot summarizing the critical

entropy × frequency interaction. In all five samples, that model came with a higher

Maximum Likelihood score than the alternative model with smooths for entropy and

frequency but no interactive term, as indicated by the compareML function in the itsadug

library (van Rij, Wieling, Baayen, & van Rijn, 2017). Yet in some cases (Finnish, Chinese,

and Hebrew), the difference between a model with the interaction and the one without it was

very small and not statistically significant at the 5% alpha level, such that a more

parsimonious model with two nonlinear “main” effects was indicated as the best fit to the

data. In the joint model combining all languages, however, the non-linear interactions

estimated per language showed a much better fit to the data than a model with non-linear

main effects of frequency and entropy (p < 0.001 as indicated by the model comparison). For

comparability between languages, we report and visualize models with the critical entropy ×

frequency interaction both for individual languages and the combined data set. We

acknowledge that a more extensive examination is necessary to confirm the functional forms

of the interaction across languages under comparison.

We present the critical interactions visually as a series of two-dimensional snapshots.

That is, we show the effect of entropy on total fixation times for different levels of word

frequency (namely, the 10, 30, 50, 70 and 90th percentiles). While total fixation times were

log-transformed, the plots show effects on the back-transformed millisecond scale. These

visualizations use the function plot_smooth in the itsadug package (van Rij, Wieling,

Baayen, & van Rijn, 2015). For detailed description and worked examples of the use of

generalized mixed-effects additive models in psycholinguistics see Balling and Baayen (2012)

and Matuschek, Kliegl, and Holschneider (2015).

To attenuate the influence of outliers, all fixation durations and frequency counts were

log-transformed, as indicated by the Box-Cox power transformaton test (function boxcox in

library car v. 2.1-6). In line with the indication of the same test, we applied a square-root
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transformation for entropy values in all datasets. In all datasets, generalized additive models

were fitted to eye-movement measures as dependent variables and with entropy and

frequency as continuously interacting predictors, using a tensor product term. Random

effects included random intercepts for target word and by-subject random smooth curves for

trial number (Baayen, Vasishth, Kliegl, & Bates 2017). Random effects were allowed to

remain in the model when justified in comparison to simpler models by the compareML

function of itsadug. After fitting, data points that showed residuals exceeding 2.5 standard

deviations from the fitted values were removed and the models were refitted. These final

models are reported below.

Language-specific selection of stimuli and procedure

All the levels of linguistic structure of the written languages, as well as the process of

learning to read in the languages we consider here, have been extensively discussed in the

literature (see Verhoeven & Perfetti, 2017). For this reason, we confine ourselves to only

introducing the types of spelling phenomena that shaped our stimulus lists. We also report

minor sample-specific deviations from the common procedure described above. Additional

information is provided in Supplementary materials S1.

Chinese. The Chinese writing system is commonly regarded as very opaque in how

it reflects the phonology of the spoken Chinese. This study makes use of the simplified

Chinese script, as used in mainland China. Chinese characters map onto syllabic morphemes.

There are about 7000 morphemes and only 1300 tone syllables, meaning that a phonological

syllable is shared by about 5 morphemes on average (Taylor & Taylor, 2014). This results in

pervasive homophony, as one syllable can map to several characters. Spelling errors are a

common phenomenon in Chinese. Lists of frequently occurring character misspellings or

substitutions are often published in the website of the Chinese Ministry of Education (e.g.,

https://edu.dbw.cn/system/2007/02/26/050713066.shtml) and in newspapers, such as

“Public’s Daily”. Several publishing agencies have also issued books and dictionaries with
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hundreds of frequently misspelled words and offer spelling exercises (e.g., Zuo Wei, 2004).

Homophony is one of the most common causes of spelling errors in written Chinese

(Liu et al., 2009), where a word is spelled with an incorrect character that has the same

phonetic value as a correct one. For example, in the correctly spelled 和谐 “héxié” harmony

and the misspelled 合谐 “héxié” the first two characters are visually distinct but

homophonic; likewise, in 青睐 “q̄ınglài” to favor and its misspelled version 亲睐 “q̄ınlài”, the

first syllables of the two words have similar pronunciations, but are orthographically

different; in 安装 “ānzhuāng” installation and the misspelled variant 按装 “ànzhuāng”, the

first syllables of the two words are similar both phonologically and orthographically.

Another common cause of spelling errors is a visual (though not phonological)

similarity of correctly and incorrectly used characters. The error lies in the misuse of an

existing character, as in 自已 ‘zìy̌ı’ (instead of 自己 zìǰı “oneself”). In their analysis of 3,208

error occurrences in Chinese words, Liu et al. (2009) have found that 76% of the errors were

due to phonological similarity between the correct and the incorrect characters; 46% were

due to visual similarity, and 29% involved both factors. In the paper we do not consider a

final common source of errors, when a character is written incorrectly, for example with one

or more missing strokes.

Our stimuli consisted of 70 two-character compound words in the simplified Chinese

script selected from the Dictionary of Misspelled Words (Zuo Wei, 2004). Each of these

words had only one incorrect spelling variant. The majority of the target words contained

characters which are often replaced in writing by phonologically and orthographically similar

characters. The distribution of spelling error types was as follows: 49 phonologically and

visually similar misspelled words, 12 misspelled words that were orthographically similar but

phonologically dissimilar, 8 misspelled words that were phonologically similar but

orthographically dissimilar, and 1 misspelling that was dissimilar from the correct word.

Frequency estimates of all target words and their misspellings were based on the

results of web search engine Google (i.e., the number of pages a word appears in, collected in
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February 2018) and were used in the calculation of spelling entropy for each target word.

Context-neutral stimulus sentences were extracted from The Center for Chinese Linguistics

online corpus of Chinese language published by Peking University, based on a corpus of

Modern Chinese of 307 million characters. The length of sentences did not exceed 45

characters (20–25 words).

This experiment was the first block of a co-registration study investigating effects of

spelling entropy on word recognition in Chinese. Eye movement data were collected and

recorded simultaneously with the EEG signal: we only report the analysis of the

eye-movement record. The entire experiment lasted no longer than 2 hours, while the data

reported here were collected within the first 40-60 minutes of the experiment. The only

difference between the procedure of this experiment combining eye-tracking and

encephalography and other eye tracking-only experiments in Study 1 was a prolonged period

of preparing the participant for the simultaneous recording of the two signals (eye-tracking

calibration and application of electrodes). As in all other experiments below, sentences with

embedded target words were presented for reading one at a time and in full, rather than in

the word-to-word RSVP presentation mode common in EEG studies.

Participants were also asked to complete tests of individual differences, including a

subjective self-assessment of their reading and writing proficiency in Chinese. We consider

assessment of reading ability as a covariate in regression models below. For further details on

the tests, see Supplementary materials S1.

English. The stimuli consisted of 68 target words (two additional words were

presented with typos and were excluded from analyses). The frequencies of the correct forms

of the target words and of their single most common misspellings were identified from a

7-billion token USENET corpus of unedited electronic communication (Shaoul & Westbury,

2013). We selected words that had only one relatively common misspelling, thus the

calculation of entropy was based on relative frequencies of two spelling variants. Spelling

errors in the stimulus list represented a variety of types: deletions (comit vs commit),
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transpositions (recieve vs receive), additions (untill vs until) and others (see Rahmanian &

Kuperman, 2019, for more details). After the eye-tracking portion of the study was complete,

the participants were given tests of individual differences, including the Author Recognition

Test (ART) of exposure to print and the spelling test. Details on administration and scoring

of the tests are available in Supplementary materials S1. We use the ART as a covariate in

regression models below. An unrelated eye-tracking study was run during the same block as

this study. In total, participants spent approximately 40–50 minutes completing the

experiment.

Hebrew. Hebrew is written from right to left and uses a consonantal alphabetic

script (abjad) with 22 letters, 18 of which denote consonants alone and four can represent

both consonants and vowels. Modern Hebrew employs two versions of the same orthography:

pointed and unpointed. The pointed version fully and transparently represents the Hebrew

vowels, but the much more commonly used unpointed version is fairly opaque to the words’

vocalic structure. In this system, the only orthographic marks for vowels are the vowel

letters, which are far from a complete, unequivocal phonological representation. For a

detailed overview of Hebrew orthography see e.g., Ravid (2005). Interestingly, the

impoverished script has different effects on the two basic morphological units that are the

building blocks of most Hebrew content words: The consonantal root, which encapsulates

the core lexical meaning of the word, and the word-pattern, which specifies a prosodic and

vocalic template into which root radicals are inserted in a non-concatenated way. While the

root consists of consonants, the word-pattern may consists of vowels only or of vowels and

consonants. Accordingly, in the unpointed common writing version, the consonantal root is

consistently represented, as well as consonants in the word-pattern. However, the patterns’

vowels might be completely missing or only partially represented by the vowel letters.

In order to help the reader, the unpointed modern script makes a broader use of the

vowel letters. Their use is governed by prescriptive rules that stem from the syllabic and

morphological structure of the words. For example, the letter ‘yud’ /y/ which is used to
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denote the vowel /i/ (and in some cases /e/ as well), will not usually be inserted within a

closed syllable, unless it is the last syllable of the word or it is closed by a geminated

consonant. Accordingly, the ‘correct’ (i.e., prescriptive) orthographic transcription of the

word /sir-ton/ (meaning a short movie) or /mir-pe-set/ (meaning a balcony) is ‘SRTWN’

(with the letter w representing the vowel letter ‘vav’ that symbolizes the vowel /o/) and

‘MRPST’ rather than SYRTWN, and MYRPST. These rules are complex, usually

accompanied by lists of exceptions. In practice, many native speakers of Hebrew do not

master the rule system, and much variability can be found with the vowel letters,

particularly the ‘yud’.

The focus of this study is on the Y-insertion spelling error, which emerges in the

context when the phoneme /i/ is overtly represented in spelling but its overt realization

violates Hebrew orthographic conventions. The spelling variants are homophones. Ravid and

Schiff (2004) argue that this is one of the most challenging context for correct spelling. A

corpus study of this phenomenon by Bar-On and Kuperman (2018) indicate that the error of

this type occurs in about 25% of words that engender such a context.

The target words were 79 correctly spelled Hebrew nouns (without letter Y) (e.g.,

SRTON /sirton/ “video clip” or “short movie”). We selected words in which the

non-standard spelling variant with letter Y (SYRTON) accounted for a different share of the

joint word frequency and thus resulted in a range of entropy values: the source was Bar-On

and Kuperman’s (2018) analysis of the 165 million-token corpus of unedited Hebrew blogs

(Linzen, 2009). The search for spelling errors was systematic, because potential alternative

spellings are calculable in this case. Nouns were identified that contain an appropriate

phonological environment with /i/ but are conventionally spelled without a vowel letter Y.

Corpus frequencies were then looked up for the correct (without-Y) and incorrect (with-Y)

spelling variants. One of the words included in the stimulus list was an outlier in terms of its

entropy value (over 2.5 SD from the mean): analyses below are based on 78 words. No tests

of individual differences were conducted.
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Greek. Modern Greek4 uses 24 letters to spell 32 phonemes (of which 5 are vowels).

The 84 graphemes of Greek form 118 unique grapheme-phoneme mappings, which have a

95% consistency in the print-to-speech direction (i.e., for reading), and an 80% consistency

in the speech-to-print direction (spelling). Seven letters correspond to vowels in isolation;

letters come in uppercase and lowercase variants, and there is also a stress diacritic, placed

on the vowel of the stressed syllable, and a diaeresis diacritic, used to break up digraphs.

Greek content words are morphologically complex, comprising at least one root morpheme

and one inflectional suffix (indicating gender, number, and case, for nouns and adjectives;

and person, number, tense, aspect, and voice, for verbs), though both the stem and the suffix

can be complex (e.g., in compound words, derived words, or complex suffixes) (Ralli, 2003).

All phonemes are orthographically represented, although ambiguities and

inconsistencies exist, especially in the case of vowels, some of which can be spelled in

multiple ways (e.g., /o/ can be spelled with ο or ω; /e/ can be spelled with ε or αι; /i/ can

be spelled with ι, η, υ, ει, οι, or υι). There are also inconsistencies in spelling certain classes

of consonants. The correct spelling may be determined by grammatical type (for inflectional

suffixes), word formation processes (for derivational morphemes), or arbitrary lexical

convention (historical/etymological reasons; for word roots), causing difficulties in learning to

spell, which are especially persistent in persons with a history of reading difficulty.

Phonological spelling errors are relatively rare; in contrast, nonphonological errors, that

is, errors resulting in misspelled words that are pronounced as intended, dominate error

counts for typical and impaired spellers alike. These include “grammatical” errors on

inflections as well as “orthographic” errors on stems (Protopapas et al., 2013). The relative

preponderance of these types of errors remains controversial and is difficult to establish

conclusively due to different base rates (stems being typically longer than inflections) and

the impossibility of independently controlling difficulty across different word parts. Spelling

4 This section is based on Protopapas and Vlahou (2009) and Protopapas (2017), to which the reader is

referred for more information and references.
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of derivational suffixes has emerged as a domain of particular difficulty, both in the general

population and in children with dyslexia (Diamanti et al., 2014; Protopapas et al., 2013). In

this project we have used words that exhibit nonphonological misspellings of all of these

types, i.e., purely lexical errors on roots, errors on derivational affixes, and/or errors on

inflectional suffixes, although there were relatively few cases of grammatical misspellings and

the most frequent ones tended to be orthographic errors.

Stimulus selection started with a set of 92 words that are commonly misspelled in

Greek. Importantly, because of the high transparency of Greek, all possible (phonologically

neutral) spelling errors can be predefined and identified through a systematic search. For

each entry we selected the inflectional form (gender, number and case for nouns and

adjectives, and voice, tense, number etc. for verbs) that has the highest frequency of

occurrence, according to the Hellenic National Corpus (Hatzigeorgiu et al., 2000;

http://hnc.ilsp.gr). The selected inflectional forms were transformed into their phonetic

representations, using the ‘Num Tool’ of the ILSP PsychoLinguistic Resource (IPLR;

Protopapas et al., 2012), and subsequently into possible spelling variants, using the IPLR

‘Find Tool’. All variants were entered in the Google search engine and the reported

frequencies of each spelling variant were used to calculate the entropy of each item. Of the

initial 92 words we selected a subset with no significant correlation between frequency and

entropy or between word length and entropy. A final set of 62 words was retained spanning a

wide, relatively evenly distributed, range of (transformed) frequency and entropy. In

addition to the eye tracking task, two tests of verbal abilities and one questionnaire were

administered (see Supplementary materials S1 for details of procedure and scoring). We use

the test of spelling ability as a covariate in regression models below. The entire experiment

took no longer than one hour.

Finnish. Finnish is regarded as one of the most transparent alphabetic

orthographies in the world (see Seymour, Aro & Erskine, 2003), with an almost perfect

one-to-one relation in its grapheme–phoneme correspondences. Because of its near-perfect
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orthographic transparency, homophonic spelling errors are nearly impossible as a word’s

pronunciation can typically only be associated with one orthographic variant. However,

errors related to phonemic duration – something akin to homophonic spelling errors – are

not uncommon: A distinction in acoustic duration between short and long phonemes can be

quite minimal in casual speech. For spelling this implies that typical length-related errors are

made by either leaving out one letter of a doublet or adding a letter where a single vowel or

consonant is appropriate (e.g., metalli ‘metal’, spelled sometimes incorrectly as metali, or

mitali ‘medal’ spelled incorrectly as mitalli).

This error type appears particularly often in relatively recent loan words. Some of such

words are prescriptively written with single consonants or vowels (e.g., laseri, aplodi,

limonadi), even though they include long phonemes (/la:seri/, /aplo:di/, /limo:nadi/).

Unsurprisingly, these words are often misspelled by adding an extra vowel (laaseri, aploodi,

limonaadi). Conversely, loan words for which the correct spelling is aligned with

phonological length (foorumi, panoraama) are subject to graphemic reduction (forumi,

panorama). Thus the representation of phoneme duration in written Finnish loan words is a

matter of convention rather than a rule-based system.

Another major source of spelling errors in loan words pertain to consonants of foreign

origin which should be transformed into ‘Finnish’ consonants, following the accepted

orthographic inventory of Finnish. However, such words (e.g., fokus, kasino, plasebo, kokis,

rojalti) often appear in an alternative spelling closer to the language of origin (focus, casino,

placebo, cokis, royalti).

Spelling errors may also derive from stem alternation mistakes. When affixes are

attached to the stem, the stem often undergoes morphophonological changes (e.g. vyö:

vöi+ssä ‘belt: in belts’; katu ‘street’, kadu+lla ‘on the street’). Sometimes inflected words

(e.g., sanko: NOM ⇒ sangon: GEN) are misspelled when stem alternation rules are ignored

or incorrectly applied (sanko: NOM ⇒ sankon: GEN). Other spelling mistakes occur in

verbal derivations involving an opaque rule concerning the use of [o] vs. [oi]. Finnish natives
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thus often insert an [i] in verbs where it should not appear (e.g., hajotan, silottaa ⇒ hajoitan,

siloittaa) and vice versa (rauhoituin, hiekkoittaa => rauhotuin, hiekkottaa). Because of the

relative scarcity of spelling errors in Finnish, it was impossible to limit the spelling

alternatives to homophones, as in other languages, and thus all these types of errors were

recruited to create our stimulus list.

For our material selection, we employed the Finnish Internet Parsebank corpus

(Kanerva, Luotolahti, Laippala, & Ginter 2014; Luotolahti, Kanerva, Laippala, Pyysalo, &

Ginter 2015) consisting of approximately 3.5 billion tokens. A computational procedure (see

Supplementary materials S1) was used to select 81 target words with one viable misspelled

orthographic variant such that their entropy, based on the relative frequencies of spelling

variants, was not correlated with the frequency of the standard spelling. More than 50% of

the words were loan words, which appeared in both the right spelling and an alternative

orthographic variant without the required phonotactic modification (e.g., fokus-focus,

plasebo-placebo, rojalti-royalti) or with alternation in phonemic length of a specific vowel

(e.g., laseri-laaseri, aplodi-aploodi, limonadi-limonaadi). Other target words included derived

verbs with [o-oi]-variation and inflections with misspelled alternative variants due to failed

consonant gradation (sangon-sankon: GEN). The majority of the target words were inflected

nouns (n = 62), mostly in the genitive or partitive form. The remainder of the words were

adjectives (n = 11) and verbs (n = 8).

Stimulus sentences were on average 67 characters and 7.5 words long and fitted on one

single line. The target word sentences were preceded by 5 practice sentences and intertwined

with 50 filler sentences. After the eye-tracking experiment was completed, the questionnaire

assessing Finnish and English language skills, as well as the Finnish adaptation of the

Author Recognition Test, were administered. For descriptive statistics see Supplementary

materials S1. The Author Recognition Tests scores were used as a covariate in regression

models below.
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Results and Discussion

Data trimming procedures were similar in all samples. First, participants who either

showed calibration problems, excessive blinking or fell below the 80% of comprehension

accuracy were removed from the record (8 in the Chinese sample and 1 in English). Further,

trials where critical words were skipped or fixated for less than 80 ms were removed, as well

as trials with exceedingly long reading times (e.g., the top percentile total fixation time).

Two sentences were removed from the English stimulus list because of a mistake in their

target words. Table 2 reports the number of participants and datapoints in each sample

available for analysis after trimming. The resulting data pools represented 75% of the

original one in Chinese and 88–95% in other samples: a higher level of data loss in Chinese

was due to removal of participants and a relatively high skipping rate of two-character target

words. Descriptive statistics of the resulting data set is reported in Table 2. Below we

outline critical results by language sample and then present a comparative analysis of data

patterns. All data sets and code are made available at

https://osf.io/js96z/?view_only=835bfff7f785473ab43b455c284aec80.

Chinese

Figure 1 top left panel displays the critical entropy × frequency interaction in Chinese,

also reported in the regression model output in Table 3.

The interaction was statistically significant (F = 2.308, edf = 4.504, p = 0.032). When

reading words with different levels of spelling uncertainty and competition between variants,

the strongest inhibitory effect of spelling entropy was observed in the highest-frequency

words, amounting to an inflation of about 40 ms across the range of entropy. The entropy

effect gradually petered out to the null effect in the lower-frequency words and even showed

a reversal in the lowest-frequency words. While GAMM regression allows for non-linear

effects, the fitted model justified the planar form of the interaction. Individual reading

proficiency scores did not affect reading times, nor did they interact with spelling entropy.
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Figure 1 . Spelling entropy × frequency interaction in total fixation times.

While the interaction observed in total fixation time may be ambiguous as to locus of

the entropy effect in Chinese, results from a different eye-movement measure shed light on

this issue. A model fitted to the likelihood of regression into target words revealed a

significant entropy × frequency interaction (X2 = 15.333, edf = 6.044, p = 0.018). Higher

levels of entropy predicted a greater likelihood of a regression across the entire frequency
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range, but especially so for higher-frequency words. For the words in the top 10th percentile

of frequency, the full range of entropy predicted an increase of about 15% in regression

likelihood (from 20% to 35%), while only a 6% increase was predicted for words in the

bottom 10th percentile of frequency as a function of entropy. (The regression table and the

plot are reported in Supplementary materials S2.) This supports the notion of a greater

entropy-related cognitive effort in higher-frequency Chinese words.

English

This section reports the previously published eye-tracking data on reading English

words that elicit multiple spelling variants (Experiment 1 in Rahmanian & Kuperman, 2019).

We re-analyze the data in a way comparable with other studies in this paper. Figure 1 top

middle panel shows the non-linear interaction between spelling entropy and frequency of the

correct spelling variant. Similar to Chinese, entropy had a much stronger effect on total

fixation times on higher-frequency English words, and this effect was gradually attenuated in

lower-frequency words, with the lowest-frequency words showing a slight reversal in the

direction of effect. The estimated inflation of reading times in the highest-frequency words

amounted to over 50 ms across the entropy range. In the lowest-frequency words, the effect

of entropy was negative and weak, on the order of 10 ms between the extremes of the

entropy range. Table 4 confirmed that the interaction was significant (F = 2.767, edf =

6.061, p = 0.008).

Additional parametric effects were the positive effect of word length (b = 0.029, SE =

0.009, t = 3.101, p = 0.002) and the negative effect of the Author Recogniton Score (b =

-0.007, SE = 0.003, t = -2.278, p = 0.023). Longer words elicited longer reading times, and

participants with greater experience with printed materials read faster. No additional

interactions with spelling entropy were observed. The size of the word’s orthographic

neighborhood (OLD20) and the word’s bigram frequency had no effect on total fixation

times (p > 0.2).



SPELLING ERRORS ACROSS LANGUAGES 32

A similar interaction was observed in first fixation duration. The interaction was linear

and marginally significant (F = 2.567, edf = 3, p = 0.053, see the model and plot in

Supplementary Materials S2). In this measure, like in total fixation duration, the inhibitory

effect of entropy was particularly strong in higher-frequency words and gradually diminished

as word frequency increased. No other eye-movement measures showed effects or interactions

of critical interest in English data.

Hebrew

Figure 1 top right panel indicates an interaction between spelling entropy and

frequency of the correct spelling variant: the interaction was significant (F = 3.504, edf =

3.000, p = 0.015), see Table 5. The positive effect of entropy on total fixation times was

increasingly stronger in the words with lower frequency. In the lowest-frequency words the

effect amounted to a nearly 30 ms inflation in total fixation times across the range of entropy.

No influence of the nominal template or the root frequencies (defined as the number of

Hebrew words sharing that template or that root) was observed in reading times, possibly

due to a small number of items. An additional parametric effect was the non-significant

positive effect of word length (b = 0.041, SE = 0.061, t = 0.661, p = 0.509).

The nature of the critical interaction in Hebrew was qualitatively different from that in

Chinese and English. The main locus of the entropy effect in Hebrew was in lower-frequency

words, contrary to the other languages examined so far. We discuss this discrepancy below in

light of data from all language samples.

The critical interaction also reached significance in gaze duration (F = 2.496, edf =

3.564, p = 0.047) and the likelihood of regression into the critical word (X2 = 9.599, edf =

3.136, p = 0.027): models and plots are reported in Supplementary materials S2. In both

cases, as well as in total fixation duration, the cognitive effort was greater (i.e., fixations

were longer and regressions more likely) in words with higher spelling entropy, and especially

so in lower-frequency words.
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Greek

Figure 1 bottom right panel indicates a nonlinear interaction between spelling entropy

and frequency of the correct spelling variant: the interaction was significant (F = 2.520, edf

= 7.154, p = 0.009), see Table 6. Contrary to the results in Chinese and English samples but

in line with Hebrew, the strongest positive effect of entropy was associated with the

lowest-frequency words. The inflation of total fixation times in the words at the 10th

percentile of word frequency (bold line) was estimated at over 150 ms across the range of

entropy. The effect was attenuated in words of higher frequency and disappeared in the

highest-frequency words.

Additional parametric effects were the positive effect of word length on total fixation

times (b = 0.030, SE = 0.014, t = 2.214, p = 0.027) and the negative effect of spelling

proficiency (b = -0.053, SE = 0.019, t = -2.820, p = 0.005). As in the English sample, longer

words came with longer reading times, and more proficient spellers showed faster reading.

Bigram frequency or OLD20 did not have a significant effect on total fixation times (p > 0.1).

The critical entropy × frequency interaction also reaches significance in a regression

model fitted to gaze duration (F = 4.778, edf = 4.728, p < 0.001). The nature of the

interaction was the same, i.e., a stronger positive effect of entropy on fixation durations in

lower-frequency words, see models and plots in Supplementary materials S2.

Finnish

The critical entropy × frequency interaction was nearly linear in Finnish data, see

Figure 1 bottom middle panel. The positive effect of entropy on total fixation times was

evident across the entire frequency range, and was especially prominent in lower-frequency

words and gradually attenuated in higher-frequency words, similar to Hebrew and Greek.

The estimated inflation of total fixation times across the entropy range was bout 60 ms in

the words representing the 10% percentile of word frequency and 25 ms in the words at the

90% frequency percentile. The interaction was significant (F = 3.114, edf = 3.001, p =
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0.025), see Table 7. This interactive pattern resembled the one observed in Greek and

contrasted with the entropy × frequency interaction in Chinese and English where the

entropy effect was the strongest in higher-frequency words.

Additionally, there was a positive effect of word length on total fixation times (b =

0.080, SE = 0.028, t = 2.858, p = 0.004). Neither OLD20 nor bigram frequency had an effect

on total fixation times.

No other dependent eye-movement variable showed a reliable entropy × frequency

interaction.

Joint Analysis

This section examined whether differences in the functional form of the entropy ×

frequency interactions varied reliably across five languages in the study. The statistical

approach to answer this question was to fit the GAMM regression model to the joint

eye-movement record. The GAMM modelled response surfaces representing the entropy ×

frequency non-linear interactions for individual languages, Table 8.

Frequency estimates in all languages came from corpora of different sizes. To put

frequencies on a comparable scale, we transformed frequencies of correct forms to a Zipf scale

(log base 10 of relative word frequency per billion words), as recommended by Van Heuven,

Mandera, Keuleers, and Brysbaert (2014). In the Chinese and Greek samples, the frequency

counts for correct and incorrect spellings were Google-based. Therefore, the corpus size

cannot be determined and per-million estimates are not attainable for either. (see Kilgarriff

& Grefenstette, 2003). To calculate Zipf values, we obtained frequency counts for the Greek

and Chinese correctly spelled target words from published corpora of respective languages:

the IPLR online corpus of Greek based on 29.6 million word tokens (Protopapas, Tzakosta,

Chalamandaris, & Tsiakoulis, 2012) and the CCL corpus of 700 million Chinese characters

(Zhan, Guo, & Chen, 2003). These frequencies strongly correlated with Google-based

frequencies (r > 0.8, p < 0.01).
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We fitted a model to estimate the Zipf × spelling entropy interaction as a tensor

product for individual languages. The model confirmed that the interaction was significant

for all languages except Finnish, see Table 8. We compared this outcome to a simpler model,

which estimated the Zipf × entropy interaction for the entire dataset, without breaking it

down by individual languages. The Chi-Square test on the fREML scores indicated that the

more complex model provided a significantly better fit to the data than the simpler model

(X2(20.00)=16.433, p = 0.035). We conclude that the results of the individual language

analyses above largely hold, even when all samples are considered jointly, with comparable

values of frequency.

The current eye-tracking experiments demonstrated that greater spelling variability

predicted a greater effort in recognizing correctly spelled words, resulting in longer reading

times. A harmful effect of spelling entropy on eye movements was similarly observed across

samples from five languages with very diverse orthographic systems and types of spelling

errors. This effect was additionally modulated by word frequency. These outcomes are

compatible with predictions of theories of learning that consider the quality of lexical and

orthographic representations as a dynamic outcome of exposure to formal cues that co-occur

with the same meaning and thus make representations of competitors weaker.

Total fixation time was a behavioral measure that demonstrated the critical effect in all

language samples. Additional empirical support for this observation in individual languages

came from first fixation duration, gaze duration or regression rate. Based on the data

patterns, we cannot cross-linguistically characterize the effects of spelling entropy as

emerging either early or late in the time-course of word recognition. Undoubtedly, this is at

least partly due to cross-linguistic differences: Chinese words were 2 characters long in our

data and so elicited many skips and very few refixations on the word, while Finnish words

were 8.6 characters on average and typically elicited 2 or more fixations.

We were also able to rule out bigram frequency and the size of a word’s orthographic

neighborhood as alternative sources of the observed effects. While both were plausible
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candidates for explaining away the effect of spelling entropy on reading times, neither was

influential in the three languages in which the values were available (English, Greek, and

Finnish).

Tests of individual differences varied across language samples, ranging from specific

spelling tests and reading speed tests (Greek) to tests of exposure to print (English, Finnish)

to self-assessed proficiency in reading (Chinese) to no tests (Hebrew). Individual scores in

these tests correlated with reading times in some languages (English, Greek) but not in

others (Chinese, Finnish). These results are inconclusive. As stated in the Introduction, a

comprehensive treatment of an interaction between spelling variability and individual

variability in stability of orthographic representations is to be addressed in future research

(also see Falkauskas & Kuperman, 2015).
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Table 2

Descriptive statistics of all samples.

Language Variable M SD Mdn min max

Chinese Entropy 0.57 0.32 0.63 0.04 1.00

Correct freq, log 13.76 1.11 13.61 11.70 16.91

Word length 2.00 NA 2.00 2.00 2.00

Proficiency score 11.13 2.67 11.00 5.00 16.00

Total fixation time 466.92 266.95 396.00 83.00 1293.00

English Entropy 0.440 0.260 0.400 0.060 0.950

Correct freq, log 11.160 1.510 11.280 7.020 14.480

Word length 8.290 1.960 8.000 3.000 12.000

OLD20 2.910 0.770 2.800 1.000 4.850

Bigram freq 3722.150 1114.000 3564.990 1064.430 6180.250

ART 10.740 9.070 7.500 1.000 41.000

Total fixation time 333.580 174.670 288.500 81.000 1097.000

Hebrew Entropy 0.510 0.240 0.590 0.000 0.860

Correct freq, log 6.020 1.850 5.940 1.790 10.020

Word length 4.910 0.330 5.000 4.000 6.000

Total fixation time 362.120 189.830 324.000 144.000 1480.000

Greek Entropy 0.680 0.200 0.700 0.250 1.000

Correct freq, log 12.920 1.360 12.990 9.740 15.920

Word length 9.310 1.970 9.000 5.000 14.000

OLD20 3.200 0.750 3.000 1.800 5.600

Bigram freq 6792.380 1648.780 6791.330 3734.730 9660.920

Spelling score 27.790 1.490 28.000 24.000 30.000

Total fixation time 421.500 218.610 371.000 81.000 1284.000

Finnish Entropy 0.630 0.240 0.600 0.200 1.000

Correct freq, log 9.330 1.850 8.830 3.640 14.820

Word length 8.560 1.190 9.000 6.000 10.000

OLD20 3.360 0.770 3.500 1.800 4.800

Bigram freq 7126.140 2052.030 6918.900 2964.000 12607.880

ART 13.970 5.720 14.000 5.000 29.000

Total fixation time 418.420 264.320 354.000 80.000 2292.000
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Table 3

Chinese: Generalized additive regression model fitted to total fixation time, smooth terms.

Deviance explained = 29.3%, N before trimming = 1626, N after trimming = 1615.

edf Ref.df F p value

tensor product entropy × frequency 3.509 3.646 3.532 0.008

smooth proficiency score 1.060 1.067 1.369 0.257

smooth word 43.270 66.000 1.896 <0.001

smooth trial order by participant 65.054 268.000 1.261 <0.001

Table 4

English: Generalized additive regression model fitted to total fixation time, smooth terms. N

before trimming = 2052, N after trimming = 2034. Deviance explained = 26.6%.

edf Ref.df F p value

tensor product entropy x frequency 6.061 6.502 2.767 0.008

smooth word 39.286 61.000 1.991 <0.001

smooth participant 28.357 32.000 8.016 <0.001

Table 5

Hebrew: Generalized additive regression model fitted to total fixation time, smooth terms. N

before trimming = 2175, N after trimming = 2158. Deviance explained 26.2%.

edf Ref.df F p value

tensor product entropy x frequency 3.000 3.000 3.504 0.015

smooth participant 26.416 29.000 10.486 <0.001

smooth word 58.026 73.000 3.935 <0.001
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Table 6

Greek: Generalized additive regression model fitted to total fixation time, smooth terms. N

before trimming = 4184, N after trimming = 4123. Deviance explained 41.9%.

edf Ref.df F p value

tensor product entropy x frequency 7.154 7.297 2.520 0.009

smooth word 47.424 55.000 11.436 0.000

smooth participant 65.887 69.000 21.048 0.000

Table 7

Finnish: Generalized additive regression model fitted to total fixation time, smooth terms. N

before trimming = 2542, N after trimming = 2477. Deviance explained = 47.0%

edf Ref.df F p value

smooth Author Recognition Test 1.000 1.000 1.185 0.276

tensor product entropy x frequency 3.000 3.001 2.863 0.036

smooth trial order by participant 29.257 30.000 41.728 <0.001

smooth word 54.949 66.000 5.564 <0.001

Table 8

Joint analysis: Generalized additive regression model fitted to total fixation time with the

entropy × frequency interaction represented by language: non-parametric effects. N = 12,551.

Deviance explained = 34.6%

edf Ref.df F p value

tensor product entropy x frequency: language=ch 3.000 3.000 4.735 0.003

tensor product entropy x frequency: language=en 5.625 5.916 2.341 0.029

tensor product entropy x frequency: language=he 3.000 3.000 3.546 0.014

tensor product entropy x frequency: language=gr 3.943 3.994 2.908 0.018

tensor product entropy x frequency: 4.497 4.676 1.908 0.099

smooth word 264.770 330.000 5.124 <0.001

smooth participant 180.710 192.000 16.395 <0.001
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General Discussion

The overarching objective guiding this study was to shed light on visual word

recognition as a process critically dependent on the coupling between statistics of the

linguistic input and the dynamics of human learning. To this end, we explored the relatively

under-studied phenomenon of spelling errors, i.e., deviations from prescriptive orthographic

norms. We derived several hypotheses on how alternative (prescriptively correct and

incorrect) spellings jointly affect orthographic learning through exposure to written language

using insights from theories of learning. In brief, one of the premises that underlies several

learning accounts of reading and language acquisition (Baayen et al., 2011; 2017; Plaut et al.

1996; Ramscar et al., 2010; 2013; Rescorla & Wagner, 1972; Seidenberg & McClelland, 1989)

is that every co-occurrence of a cue and outcome – construed here as an orthographic form

and a meaning – within a learning event strengthens the association between this

cue-outcome pair and weakens other associations that may be connected to this cue. We

tested how the presumed outcome of orthographic learning influences the effort of reading

correctly spelled words. We conducted experiments or analyzed secondary data in five

written languages – Chinese, English, Hebrew, Greek, and Finnish – that are often put

forward as extreme examples of the cross-script and cross-linguistic variability (Schmalz et

al., 2015).

Our findings can be broken down into language-general findings, of potentially

universal applicability, and language-specific findings highlighting cross-linguistic variability

with respect to differences such as orthographic transparency. The main language-general

finding is that the statistics of encountering alternative spellings in one’s linguistic input

predicts the effort of recognizing the conventional standard spelling (which, in this study,

always corresponds to the dominant competitor). This language-general effect was observed

when words were presented in context without overt presentation of the incorrect spelling

variant. The effect is presumably mediated by the amount of competition between

alternative spellings encountered in written communication. We operationalized the



SPELLING ERRORS ACROSS LANGUAGES 41

uncertainty of selecting one spelling variant among alternatives using an

information-theoretic measure of entropy. The universal applicability of this approach affords

a bold language-general prediction, namely that a higher entropy (or a higher amount of

uncertainty) in the probability distribution of spelling variants will lead to a more effortful

processing of the correct spelling beyond the five languages studied here; indeed, regardless

of a linguistic and writing system.

The generality of this conclusion is based on examination of (mostly homophonic)

spelling variants in five languages, and is supported by the fact or necessity of substantial

differences in the nature of spelling errors, dictated by the structure of specific orthographies.

For example, Finnish spelling errors are often found in borrowed words where orthography of

the original language may have an influence on how the word is accommodated into Finnish

spelling conventions (e.g., kasino vs casino). As another example, in Chinese, a high

proportion of spelling errors are due to visual similarity of characters (see above), while

alphabetic languages are less prone to this error type. Thus it is logically possible that

behavioral patterns that we observed across five languages represent different mechanisms of

orthographic learning and processing, contingent on how common a given type of spelling

alternation is in the language and how it fits with the language’s structure and statistics of

use. Yet we argue for a more parsimonious view. We interpret the detrimental effect on the

speed of word recognition as an indication that (i) readers are sensitive to relative

frequencies of all orthographic variants and hence to the phenomenon of cue competition,

even when presented with only one (correct) variant in an experimental task; and (ii) the

existence of spelling variants is harmful for orthographic learning in that exposure to one

variant steals exposure to other variants and precludes their associations with meaning from

strengthening. Our studies demonstrate compatibility of these learning principles and their

predictions with data from very diverse written languages and cohorts of participants.
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Cross-linguistic variability: is there a pattern?

Beyond this general conclusion, our study has demonstrated the emergence of

potentially systematic variability across languages. This variability is found in how word

frequency modulates the effect of entropy on orthographic competition. In the Introduction,

we outlined two theoretical possibilities regarding a potential functional form of the spelling

entropy × word frequency interaction as a predictor of reading effort. It seems that plausible

cases can be made for either the high-frequency words or the low-frequency words being the

primary locus of the entropy effect. On the one hand, high-frequency words are encountered

more often both in their correct and incorrect spellings and thus allow for a deeper

entrenchment of all variants and a stronger competition between them (Rahmanian &

Kuperman, 2019). At the same time, low-frequency words have weaker orthographic

representations, even for the dominant variant, and may thus come with the highest level of

uncertainty, leading to the opposite prediction. Our data support the notion that written

languages of the world can instantiate both possibilities as extremes and can also occupy less

extreme positions on a continuum.

In particular, the functional form of the entropy × frequency interaction in reading

times seems to be systematically associated with orthographic depth, at least in our sample

of five different languages. To be more precise, the relevant dimension of orthographic depth

here is the feedback consistency in the speech-to-print (spelling) direction. We precede the

following discussion with two disclaimers: orthographic depth is clearly a continuum rather

than a deep/shallow dichotomy and our conjectures about which orthographies are deeper

than others are impressionistic because no uniform estimates exist for feedback consistency

in the languages of the world (see Schmalz et al., 2015; Siegelman, Kearns, & Rueckl, 2020).

We found that in relatively orthographically shallow languages (Finnish and Greek)

the effect of entropy was strongest in lower-frequency words, while in relatively deep

languages (English and Chinese) the strongest effect emerged in higher-frequency words.

Hebrew, which arguably occupies a position away from either extreme of orthographic depth,
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clustered with Finnish and Greek.

Orthographic depth has been theorized to relate to both the character and the speed of

reading acquisition. Thus, Ziegler and Goswami (2005) proposed that orthographic depth

predicts the “psychological grain size” of units that language learners use to establish

efficient and reliable mappings between orthographic and phonological representations. In

shallower orthographies, smaller orthographic units (e.g., graphemes) are preferred because

they are consistently representative of phonemes; in deeper orthographies, larger units (e.g.,

multi-letter clusters corresponding to syllable parts, syllables, or even entire words) are

preferred, because smaller units are not sufficiently consistent. Since inventories of letters are

smaller than inventories of words, orthographic depth and the related concept of grain size

have been argued to predict cross-linguistic differences in the speed of literacy acquisition

(Aro & Wimmer, 2003; Seymour, Aro, & Erskine, 2003), namely that it is faster in shallow

than in deep orthographies (for specific languages see, among others, Treiman, Mullennix,

Bijeljac-Babic, & Richmond-Welty, 1995; Schmitterer & Schroeder, 2019; for a broader

overview of cross-linguistic evidence see e.g., Caravolas et al., 2019; Georgiu et al., 2019;

Landerl et al., 2019; Rau, Moll, Snowling, Landerl, 2015; Ziegler & Goswami, 2005; Ziegler et

al., 2010); for computational implementations see Coltheart et al., 2001; Perry, Ziegler, &

Zorzi, 2007; Rueckl et al., 2015). Because of the expansive influence that orthographic depth

of a writing system has on its structure, preferred grain size, and the overall ease of its

learning and use, we cannot at present commit to a specific parameter underlying the

observed cross-linguistic variability in the entropy × frequency interaction. We confine

ourselves to stating that it is likely related to variability in orthographic depth. However, we

speculate, perhaps unsurprisingly, that the variability can be explained by the differences in

the number and consistency of spelling errors which stem from a language’s orthographic

depth.

In a relatively deep orthography (Chinese or English) homophonic errors abound. It

would be impossible to conduct stimulus selection for Chinese or English parts of this study
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by using a fixed pattern for an orthographic deviation from the correct spelling. This is

because the phonology of low-frequency words in a deep orthography can be potentially

associated with a virtually open list of spelling variants (e.g., receive, recieve, receeve, receave,

receve, resieve, rieceve, rescieve, etc.), most of which may even enjoy some analogical support

from other existing words in the language (e.g., Milin, Keuleers, & Ðurđević, 2011). Through

exposure, only some of these variants – the ones that occur with a non-minimal frequency –

will proceed to form orthographic representations (e.g., receive and recieve) and most others

will drop out and contribute to unstructured noise in the orthographic system. What

matters for the reader in a deep system is the competition between variants that are

substantially supported by the natural language statistics, hence the privileged role of

higher-frequency words and the prominent effects of spelling entropy on them.

Conversely, in more shallow languages (like Finnish or Greek), spelling variants are few

and calculable, i.e., given the word’s phonology, a reader – or a computer – can spell out all

homophonic orthographic variants of the word even if they do not know which variant is

prescriptively correct. In the present study, this systematicity allowed for highly formalized

searches of all possible homophonic variants. For instance, we were able to target all spelling

alternatives in Greek, where certain phonemes can be represented by different graphemes

(e.g., /o/ can be spelled with ο “omicron” or ω “omega”). Similarly, in Hebrew, which

patterned with relatively shallow orthographies, we were able to identify a priori all potential

orthographic environments in which the target spelling alternation can take place. In the

more extreme case of Finnish, the orthography is so shallow and regular that true

homophonic spelling errors are virtually impossible; but the types of errors used here could

still be detected algorithmically. In such languages, accumulation of exposure to specific

words is not a necessary condition for the competition between spelling variants to emerge.

Low-frequency words come with a very small and well-defined set of orthographic

alternatives, none of which has been strongly entrenched in the mental lexicon with a crisp

orthographic representation yet (Perfetti, 2007). This is the situation when the orthographic
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representation is the weakest and most malleable, hence the presence of strong competitors is

most harmful for low-frequency transparent words.

Another way to express this intuition is that, when the grain size is large, it is

essentially whole words that compete directly. Thus the effects of alternative variants are

enhanced in words that have been strengthened by more encounters and can more forcefully

compete with one another. In contrast, when the grain size is small, word parts can compete

by virtue of the orthographic systematicity, regardless of (or possibly even in the absence of)

strong word-level representations. Sublexical competition will more easily overwhelm weak

orthographic representations, that is, low-frequency words, than deeply entrenched

whole-word patterns. Thus the effects of competition between alternative variants are

enhanced toward the low-frequency end of the distribution.

The critical entropy × frequency interaction may have a different interpretation5.

Mathematically, the functional form that the interaction takes across languages is such that

stronger frequency effects are found in more consistently spelled (lower-entropy) words in

languages like English or Chinese, while shallower orthographies like Greek or Finnish see a

stronger frequency effect in higher-entropy words, i.e., words that are misspelled more often.

In deeper orthographies a high level of exposure (gauged by high frequency) is required to

establish a solid representation for any orthographic form, but higher frequency of exposure

is especially beneficial for the forms without strong competitors, i.e., low-entropy forms.

Frequently misspelled words in English or Chinese remain orthographically underspecified, in

this theory, even after high levels of exposure. Conversely, written languages with a higher

speech-to-print consistency like Finnish do not require high frequency of exposure for

low-entropy orthographic forms to establish mental representations. In these orthographies,

high frequency of occurence benefits words with the strongest orthographic competition, i.e.,

high-entropy words. The observation that Hebrew patterns with Greek and Finnish might

suggest that this language has a reasonably high speech-to-print consistency: future research

5 We thank an anonymous reviewer for raising and developing this point.
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is required to derive estimates for this and other languages in our sample.

In sum, under both interpretations above, the findings indicate that the spelling

entropy effect reflects the interplay of the life-long dynamics of word learning and the

statistics of language input across languages. Learning dynamics can be modulated by

cross-linguistic variability in how writing systems represent phonology. This variability in the

specifics of writing systems determines the conditions under which the effect of spelling

entropy is most salient.

Even though we did not commit to a specific causal factor relating cross-linguistic

variability to entropy × frequency interactions, our theorizing gives rise to a falsifiable

cross-linguistic prediction. Specifically, an experiment in a language with a high degree of

speech-to-print feedback consistency is predicted to reveal an entropy × frequency

interaction of a “shallower” kind, that is, the strongest effect of entropy would emerge in

low-frequency words, similar to Greek and Finnish. A written language with a low feedback

consistency, similar to English or Chinese, would lead to a “deeper” kind of interaction, with

the strongest effect of entropy in high-frequency words, similar to Chinese or English. As

mentioned above, the validation of this hypothesis initially requires that a uniform and

reliable metric of feedback consistency be available for a variety of written languages, a task

for the future (Borleffs et al., 2017; Schmalz et al., 2015).

Direction of causality

This paper (following on Rahmanian & Kuperman, 2019) proposes a possibility of a

reciprocal causal link between imprecise orthographic representations of words and the

existence of alternative spellings. We ask whether spelling variability may not only be a

reflection but also a cause of imperfect word learning. This causal role would be in line with

theories of animal and human learning which state that the quality of learning depends on

co-occurrence statistics of stimuli in a learner’s environment (in this case, orthographic cues

and meanings), independently of the factors that bring these statistics about (see general
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principles in Rescorla & Wagner, 1972).

Data patterns definitely show that spelling variability co-determines orthographic and

lexical processing. Spelling entropy measures variability purely based on a distribution of

competing forms in one’s linguistic environment and is blind to whether these forms are

prescriptively correct or not, why these forms exist or what factors contributed to their

frequencies of occurrence. Still, spelling entropy robustly predicts – in five languages – how

uncertain spellers are about a word’s orthographic forms and how difficult it is for them to

rapidly and accurately recognize the word. But is it correlation or causation6? What if the

distribution of spelling variants is not independently influential but rather masks or mediates

an influence of factors that create this distribution in the first place?

The data patterns reported above cannot prove our claim of causality in a definitive

way. In fact, one might argue more generally that experiments based on natural languages

are not equipped to do so. This is because the emergence of spelling alternatives in some

words but not in others is not a random process but rather stems from a confluence of

morpho-phonological, orthographic or semantic properties of that word and the lexicon at

large. For instance, receive may be often misspelled as recieve because the bigram ie is more

frequent in English than ei, and tomorrow misspelled as tommorrow because /m/ can be

ambisyllabic (as in summer). The analogical force of language statistics may bias writers

towards a spelling that is non-standard (see Bar-On & Kuperman, 2019 and Gahl & Plag,

2019 for relevant corpus analyses). Thus, longer processing times in words with greater

spelling entropy may be caused by an underlying linguistic complexity, which leads to both

an emergence of spelling errors and an increased cognitive effort of word recognition.

Logically, it may be the case that spelling errors have no direct effect on the effort of word

processing but rather mediate (partly or fully) the uncertainty of linguistic principles that

either prevent or support diverse spelling variants.

For a causal hypothesis to hold, one would need to demonstrate that spelling

6 We thank the reviewers and the editor for raising the issue discussed in this section.
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alternation can be a factor in the effort of word recognition in its own right, either in the

absence of underlying linguistic complexity or when relevant factors, including complexity,

are held constant. Two pieces of evidence support the notion that the causal hypothesis may

be true. First, as we discuss in the Introduction, much of the previous literature found that a

repeated exposure to a specific orthographic form has made a recognition of that form more

accurate and faster and did the opposite to a recognition of competing forms. In Ouellette et

al. (2017), the training of reading aloud a correct orthographic form three times led to

reduced recognition times and better performance in a spelling dictation task for at least

some participants and some of the words. Notably, these behavioral changes are solely driven

by the statistics of spelling variants in one’s input. Whatever linguistic issue gave rise to the

emergence of spelling variants in natural language and to uncertainty in an individual mind

prior to the experiment is unchanged and cannot explain away the improved performance.

Still, one might argue that this demonstration of an independent role of input statistics is

confined to short-term and concentrated exposure and may not generalize over the dynamics

that we propose for a lifetime experience of reading printed materials.

Another piece of evidence in favor of a causal scenario comes from our data from Greek

and Hebrew. In both sets of experimental stimuli, the error type was quite specific (though

by no means uncommon). In Hebrew, we examined a spelling alternation formed by an

absence or presence of letter ‘yud’ to express sound /i/ in a tightly controlled

morpho-phonological environment. In Greek, we examined statistics of substitution errors

formed by the use of a correct vs incorrect letter to express a specific sound: that is, the type

of underlying linguistic complexity was the same for all stimuli (multiple phonemes mapped

onto a single grapheme). Despite this control over underlying linguistic phenomena, data

from both languages demonstrated effects of spelling entropy in the direction predicted by

theories of learning and our hypothesis. These examples are equivalent to a hypothetical

study in English that would examine one well-defined type of linguistic complexity (i.e., ei vs

ie alternation in words ending in -ceive) and observe that the statistics of spelling variants
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predicts word recognition and production times even though the linguistic reason for the

alternative spellings to emerge is held constant. Yet even such a demonstration may not

count as a definitive proof either, because other morpho-phonological and semantic factors

may affect distributions of spelling variants even within words sharing a major syntactic

complexity. For instance, re in receive is a more frequent bigram than de in deceive, and

bigram rc in perceive clearly indicates a morphological boundary while other examples do not

have such an indication.

For parity, it is important to note that proponents of the unidirectional rather than

casual reciprocal account would face an equally difficult challenge to conclusively

demonstrate their account’s validity. To reiterate, on the unidirectional account the only

causal link is between linguistic complexity and language behavior. Linguistic complexity

determines the quality of orthographic representations in an individual’s mind and causes

both the emergence of spelling errors and cognitive effort of orthographic processing. The

challenge would be in both quantifying ‘linguistic complexity’ or ‘uncertainty of linguistic

principles’ within and across languages. A further challenge is to demonstrate that this

quantity can vary from one word to another generating subtle numerical differences which

correlate with behavioral outcomes (e.g, reading times as well as recognition and production

accuracy) and absorb all the variance in these outcomes that is currently explained by

spelling entropy, a measure derived from distributions of spelling errors.

Limitations and future directions

As follows from the discussion above, in natural languages, the linguistic structure of

the language, the nature and prevalence of its spelling errors, and the effort of word learning

and processing are intrinsically entangled. We believe that the ultimate demonstration of

whether the effect of spelling variability on orthographic learning and visual word processing

is causal will come from either artificial language or novel word learning paradigms. Such

paradigms enable researchers to introduce new, previously unseen stimuli and factorially
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manipulate their relative frequencies of stimuli in a learner’s input. This way a competition

can be created between orthographic forms with the same phonological value (e.g., wurge vs

wirge) and the degree of this competition and ensuing uncertainty can be manipulated

independently of an underlying linguistic complexity. If learners are affected by the degree of

such a competition, then orthographic variability makes an independent causal contribution

to the quality of learning and visual language processing. We relegate this experimentation to

future research and confine ourselves to stating that the present evidence is compatible with

a possible causal role of spelling variability in orthographic learning and a reciprocal relation

between the quality of orthographic representations and distributions of spelling variants.7

The present paper answers some questions it posited and raises a few others, which will

require further investigation. Above, we have discussed at length what experimental

approaches might shed light on the nature of causal relations between the existence of

spelling errors, the quality of mental orthographic representations, and behavioral expressions

of this quality. Furthermore, we acknowledge the need to examine individual variability in

spelling skill and lexical quality, going beyond the overall trends studied here. We also

developed a prediction for the qualitative character of the entropy × frequency interaction

for a variety of languages varying in their orthographic transparency, to be examined in

future cross-linguistic research. Additional questions that would benefit from a further study

stem from research on spelling stability (Rossi et al., 2019). It is important to test whether

spelling variability can be better described using other information-theoretic measures than

entropy, in particular, measures that take into account the temporal dynamics of exposure to

spelling variants. Whether cases with multiple spelling variants are qualitatively different

from the presently studied cases with just two variants is also of interest.

Above we discussed possible language-general and language-specific implications of our

findings. We also emphasized that the present study highlights specific cases of spelling

7 Relevant experiments have been planned out and will be implemented when participating laboratories open

after the COVID-19 lockdown.
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alternation in each language. It is plausible that more subtle differences exist within each

language between different types of spelling alternations. That is, within a given written

language specific linguistic phenomena may make the entropy effect smaller or stronger or

more or less sustained. Future research is necessary to determine whether these potential

differences materialize across diverse languages, writing systems and linguistic phenomena.

Conclusions

Recent comprehensive reviews of research on reading across writing systems (Borleffs et

al., 2017; Schmalz et al., 2015; Share, 2008; 2014) identify several drawbacks in current

cross-linguistic reading research. Thus, Share (2008; 2014) points out that the current

coverage of languages and scripts in this research field is too narrow, stemming from a very

small selection of languages and an even smaller selection of writing system types:

alphabetic European languages (primarily, Indo-European, with dominance of English) and

select Semitic consonantal abjads. The reviews by Borleffs et al. (2017) and Schmalz et al.

(2015) further indicate that even for this language pool there are no agreed-on quantitative

tools that would provide valid and reliable measures for the main theoretical constructs of

cross-linguistic variability, such as orthographic transparency or orthographic depth; for

criticism see also a meta-analysis by Melby-Lervåg, Lyster, Solveig-Alma & Hulme, 2012;

Protopapas & Vlahou, 2009; and Schmalz et al., 2017).

In our findings from five written languages we demonstrate that an examination of

reading across diverse writing systems can be fruitfully pursued even in the face of a

remarkable cross-script variability. Our ability to do so is a direct consequence of our choice

of a ubiquitous linguistic phenomenon, present in every written language (spelling errors); a

model-neutral information-theoretic analytical approach that is equally applicable to any

type of a writing system; and an experimental paradigm (eye-tracking during natural

continuous text reading) that is particularly aligned with the cognitive operation of reading.

We contribute evidence that written language acquisition follows the same principles of
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learning that have been independently developed for language and for other cognitive

functions, and also for both humans and other species (see reviews in Danks, 2003; Ramscar

et al., 2010; 2013; Rescorla & Wagner, 1972). Specifically, what we see at work in our data is

learning, namely, the adjustment of association weights in response to both correct and

incorrect spelling forms. The present findings underlie our claim that spelling errors are

reciprocally related to the mental representation of orthography, that is, they are both its

outcome and its cause. Inquiry into such issues as orthographic and lexical learning and

mental representation can only be complete when it accounts for both successes and failures

of the learning process; indeed, the failures, such as spelling errors, may be more instructive

than the successes (Ramscar et al., 2013).

Furthermore, we submit that cross-script and cross-linguistic research on reading can

be fruitfully pursued far beyond the realm of alphabetic languages. What this study

demonstrates is that the research field can substantially benefit from expanding the scope

over relatively under-utilized yet highly instructive linguistic phenomena, and applying

analytical and experimental tools that are best aligned with the ultimate goal of

understanding natural languages in all their diversity.
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