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Abstract

Statistical views of literacy development maintain that proficient reading requires the assimilation 

of myriad statistical regularities present in the writing system. Indeed, previous studies have tied 

statistical learning (SL) abilities to reading skills, establishing the existence of a link between the 

two. However, some issues are currently left unanswered, including questions regarding the 

underlying bases for these associations as well as the types of statistical regularities actually 

assimilated by developing readers. Here we present an alternative approach to study the role of SL 

in literacy development, focusing on individual differences among beginning readers. Instead of 

using an artificial task to estimate SL abilities, our approach identifies individual differences in 

children’s reliance on statistical regularities as reflected by actual reading behavior. We 

specifically focus on individuals’ reliance on regularities in the mapping between print and speech 

versus associations between print and meaning in a word naming task. We present data from 399 

children, showing that those whose oral naming performance is impacted more by print-speech 

regularities and less by associations between print and meaning have better reading skills. These 

findings suggest that a key route by which SL mechanisms impact developing reading abilities is 
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via their role in the assimilation of sub-lexical regularities between printed and spoken language -

and more generally, in detecting regularities that are more reliable than others. We discuss the 

implications of our findings to both SL and reading theories.
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One of the basic motivations to study Statistical Learning (SL) mechanisms is their 

presumed role across cognition. Thus, researchers study SL processes not just to understand 

the “SL mechanism(s)” in isolation, but rather as a way to gain new insights as to the 

processes involved in other cognitive domains. This premise is rooted in two research 

traditions. The first comprises works of pioneering computational modeling that demonstrate 

how incorporating statistical learning principles can account for complex linguistic behavior 

(Rumelhart & McClelland, 1986; Seidenberg & McClelland, 1989). The second are 

experimental demonstrations showing that SL computations can potentially account for 

multiple cognitive functions, including segmentation of continuous input (e.g. Aslin, 

Saffran, & Newport, 1998), categorization (e.g. Maye, Werker, & Gerken, 2002), and 

prediction of upcoming signal (e.g. Dale, Duran, & Morehead, 2012). Together, these two 

lines of research led to the view that SL plays a role in multiple cognitive domains, from low 

level perception (e.g. Barakat, Seitz, & Shams, 2013), to complex cognitive functions such 

as music appreciation (e.g. Salimpoor, Zald, Zatorre, Dagher, & McIntosh, 2015), face 

recognition (e.g. Dotsch, Hassin, & Todorov, 2017), and the acquisition and processing of 

spoken and written language (see Arciuli, 2018; Romberg & Saffran, 2010 for reviews).

In this vein, over the course of the past decades reading research has become increasingly 

grounded in the idea that proficient reading requires the assimilation of statistical regularities 

present in the writing system. This statistical view of writing systems had an effect on 

virtually all sub-domains of reading research. As such, multiple studies document statistical 

regularities that are available to readers as they acquire and use their writing systems. These 

include associations between letters and speech sounds (Harm & Seidenberg, 2004; 

Seidenberg & McClelland, 1989) and between different orthographic units (including the 

correlations between different letters, e.g. Gingras & Sénéchal, 2019, and between different 

words, e.g. Fine & Jaeger, 2013), as well as more complex relationships between 

orthographic units and morphological and semantic representations (Seidenberg & 

Gonnerman, 2000; Ulicheva, Harvey, Aronoff, & Rastle, 2018), and between orthographic 

units and stress patterns (Arciuli, 2018), among others (see Sawi & Rueckl, 2019 for 

review).

Indeed, studies from the reading literature propose that patterns of reading behavior can be 

best explained when considering this rich array of statistical regularities that are embedded 

in the written input (see, e.g., Frost, 2012; Sawi & Rueckl, 2019; Seidenberg, 2011 for 

reviews). This already suggests that SL -the mechanism(s) responsible for extracting 

regularities from the sensory input -plays an important role in the process of literacy 

acquisition and later on in guiding efficient reading. Attempts to further solidify this claim 
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come from studies that use separate tasks to estimate individual’s SL abilities (using for 

example the embedded triplet task or artificial grammar learning paradigms) and examine 

the relation between performance on these tasks and reading behavior. Thus, studies of 

individual differences have tied SL performance to variation in different aspects of reading 

skills both in first language (Arciuli & Simpson, 2012; Spencer, Kaschak, Jones, & Lonigan, 

2014; Torkildsen, Arciuli, & Wie, 2019), and second language (Frost, Siegelman, Narkiss, & 

Afek, 2013). Still, the magnitude of the correlations between SL and reading varies across 

studies (see Arnon, 2019b; Siegelman, Bogaerts, Christiansen, & Frost, 2017), and recent 

studies suggest that correlations are observed only when using specific SL tasks and/or 

reading measures (Elleman, Steacy, & Compton, 2019; Qi, Sanchez Araujo, Georgan, 

Gabrieli, & Arciuli, 2019; Schmalz, Moll, Mulatti, & Schulte-Körne, 2019). Relatedly, 

studies of clinical populations show that individuals with reading disabilities are generally 

characterized by lower SL abilities (Gabay, Thiessen, & Holt, 2015; Kahta & Schiff, 2019; 

Sigurdardottir et al., 2017), although here again, there is some debate regarding the actual 

magnitude of these effects (see Schmalz, Altoè, & Mulatti, 2017).

Together, these studies provide an important proof of concept regarding the existence of 

some link between SL computations and reading skills. Importantly, however, questions 

remain not only in regards to why some studies fail to observe a relationship between SL 

performance and reading, but also as to the exact SL computations involved in reading and 

how variation in SL abilities gives rise to variability in literacy acquisition. These questions 

arise at least in part due to limited external validity of SL studies, which typically deal with 

learning of a single type of regularity over a short period of time (see Erickson & Thiessen, 

2015; Frost, Armstrong, & Christiansen, 2019, for detailed discussion). In the context of 

reading, it is unclear whether such simplified form of learning can scale-up to account for 

the complex nature of the statistical knowledge that is required to account for reading 

behavior, which consists of multiple types of regularities, concurrently presented in various 

grain sizes and across modalities, and learned over extended periods of time.

In the present paper we report two studies that use an alternative approach to study the link 

between SL and reading, focusing on individual differences in beginning readers. Namely, 

instead of documenting individual differences in SL by using a simplified artificial task and 

then relating the individual differences observed on this task to some linguistic function (e.g. 

some component skill of reading), our approach focuses on identifying individual 

differences in children’s reliance on statistical regularities as reflected directly in their word 

naming behavior. We believe that this approach has the promise of informing SL research as 

well as the study of reading. On the SL side, it can help inform researchers about the subtle 

regularities that humans are able to assimilate “in the wild”. In parallel, it has implications 

for understanding reading and reading acquisition by providing insights into the processes 

involved in typical (or impaired) reading acquisition. In other words, the current study 

demonstrates the theoretical power of a statistical approach to reading and serves to illustrate 

the directions that the SL literature should be extended to in order to address the issues of 

interest to reading researchers.

More concretely, in the experiments reported below we assessed how lexical and sub-lexical 

statistical regularities impact the word naming behavior of individual children. We then 
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asked whether children whose word naming performance exhibits more sensitivity to the 

reliable statistical regularities are better readers overall (as reflected in standardized reading 

measures) compared to those who display lesser sensitivity to this statistical information. In 

parallel, we examined whether there is a relation between reading skill and individuals’ 

reliance on more arbitrary associations that provide less efficient source of information for 

word naming. Given variability in SL abilities (e.g. Siegelman & Frost, 2015), and their 

presumed relation to reading abilities (e.g. Arciuli & Simpson, 2012; Frost et al., 2013), we 

hypothesized that there would be systematic variability in the degree to which individuals 

rely on different statistical regularities in word naming, and that those who show greater 

sensitivity to the reliable regularities, and lesser sensitivity to arbitrary associations, would 

display better reading skills.

Literacy acquisition and print-speech correspondences

As a starting point, we focus on statistical regularities that are particularly important for the 

development of skilled reading: the correspondences between letters and sounds. These 

regularities are considered to play a key role in learning the mappings between an 

orthographic string to the spoken form it represents (phonological decoding), which is 

widely considered to be one of the fundamental skills underlying proficient reading (e.g. 

Ehri, 2005; Share, 1999). This claim is supported by an extensive body of evidence, 

including correlations between phonological decoding and overall reading skills (e.g., 

Kearns, Rogers, Koriakin, & Al Ghanem, 2016; Perfetti, Beck, Bell, & Hughes, 1987; 

Shankweiler et al., 1999), impaired phonological decoding skills in populations with reading 

disabilities (e.g., Scarborough, 1998; Vellutino, Fletcher, Snowling, & Scanlon, 2004), and 

the impact of orthographic-phonological (O-P) regularities on word reading in skilled adult 

readers (e.g. Glushko, 1979; Jared, McRae, & Seidenberg, 1990).

Operationally, the strength of the association between an orthographic form and its 

phonological realization can be quantified by various measures (see Borleffs, Maassen, 

Lyytinen, & Zwarts, 2017; Siegelman, Kearns, & Rueckl, 2020, for reviews). A common 

measure is O-P consistency, which is a function of the number of words with a similar 

pronunciation of a given orthographic unit (‘friends’) and the number of words where the 

same orthographic unit is realized differently (‘enemies’). Typically, this measure focuses on 

the body-rime level (body-rime consistency), and is defined as the ratio friends / (friends + 
enemies) of a word body (e.g. ead in the word head; e.g. Jared, McRae, & Seidenberg, 

1990). Alternatively, a consistency measure at a smaller-grain size focuses on regularities at 

the grapheme-phoneme level (e.g. Chateau & Jared, 2003; Treiman, Mullennix, Bijeljac-

Babic, & Richmond-Welty, 1995). Thus, the consistency of the grapheme i in the word mint 
(where i → /ɪ/) is a function of the number of words where i is similarly pronounced as /ɪ/ 
(e.g., bin, sing, etc.) and the number of words where i is pronounced otherwise (e.g., pint). 
Indeed, a variety of findings make clear that skilled readers read faster and more accurately 

words with O-P mappings that are more “regular” or consistent at multiple grain-sizes, and 

that adults are particularly impacted by body-rime regularities (e.g. Cortese & Simpson, 

2000; Jared, 2002). Developmentally, sensitivity to O-P correspondences is gradually 

acquired over the course of typical reading acquisition (e.g., Sénéchal, Gingras, & 
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L’Heureux, 2016; Weekes, Castles, & Davies, 2006), again with increased reliance on larger 

grain sizes later in development (Treiman & Kessler, 2006).

Additional sources of information for word reading

Importantly, sub-lexical O-P regularities are not the only source of information available to 

readers. One additional factor is word frequency -the rate of occurrence of an orthographic 

form. Although measures of word frequency typically ignore phonological and semantic 

ambiguity, to a first approximation they can be taken as an index of how often the 

representation of an orthographic word form is associated with representations of how that 

word is pronounced and what it means. Thus, frequency captures some of the statistical 

structure in the mappings from orthography to phonology (O-P) and from orthography to 

semantics (O-S) (as well as the mapping between semantics and phonology, S-P) at the 

whole-word level. Other factors have to do specifically with the mapping between 

orthography to semantics. Generally, although O-S mapping is far less systematic than the 

mapping from orthography to phonology, it does embody statistical regularities and skilled 

readers assimilate and make use of these regularities. To a large extent, given the relatively 

arbitrary nature of the mapping, the O-S regularities that underlie word reading largely 

involve lexical-level correspondences between word forms and word meanings, as manifest 

in the effects of lexical ambiguity (e.g. Borowsky & Masson, 1996). Note, however, that 

because some words that are similar in form are also similar in meaning, the O-S mapping 

also embodies sub-lexical regularities (Marelli & Amenta, 2018; Monaghan, Chater, & 

Christiansen, 2005). This is perhaps most apparent in the ubiquitous effects of 

morphological structure on word reading (e.g. Grainger, Colé, & Segui, 1991; Rastle, Davis, 

Marslen-Wilson, & Tyler, 2000). From a statistical perspective, these effects arise because 

morphologically related words are typically related in both form and meaning and these 

form-meaning regularities are assimilated over the course of reading acquisition (Rueckl, 

2010; Seidenberg & Gonnerman, 2000). Regardless of these important morphological 

regularities, however, the structure of the O-S mapping is generally more arbitrary than the 

mapping between orthography and phonology.

The impact of different sources of information related to O-P and O-S, as well as their 

interactions, are well demonstrated by the results of the word naming study by Strain, 

Patterson, and Seidenberg (1995). Strain et al. investigated the effect of imageability (the 

ease of eliciting a mental image, Paivio, Yuille, & Madigan, 1968), frequency, and O-P 

consistency on word naming in adult readers of English. Because imageability is a 

characteristic of word meaning, Strain et al. treated the imageability effect as a marker of the 

contribution of O-S processes. Strain et al. found that high-imageability words were named 

faster and more accurately than low-imageability words. Importantly, the magnitude of this 

effect varied with both word frequency and O-P consistency and was largest for low 

frequency, inconsistent words. These results illustrate how multiple statistical regularities 

interact to jointly determine behavior in a given task. In this particular case, the impact of 

imageability depends on the degree to which a word can be efficiently named on the basis of 

lexical and sub-lexical O-P regularities.
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It should be noted that in contrast to word frequency and O-P consistency, which are 

regularities related to correspondences in the mappings between orthography, phonology, 

and semantics per se, imageability is related to statistical structure within the semantic 

domain. Specifically, imageability is thought to be related to degree of intercorrelation 

among semantic features (Harm & Seidenberg, 2004; Woollams, Lambon Ralph, Madrid, & 

Patterson, 2016). The degree of intercorrelation (or ‘coherent covariation’, McClelland & 

Rogers, 2003) among semantic features determines how strongly and/or quickly a semantic 

representation can be activated (Woollams et al., 2016). Therefore, higher imageability of a 

word leads to more efficient computation of its meaning, and hence to stronger involvement 

of O-S(-P) processes.

From a developmental perspective, just as readers must learn to balance the influence of O-P 

regularities at different grain sizes, so too must they learn to make use of both O-S and O-P 

regularities. The question is then how do children eventually achieve the efficient division of 

labor between O-P and O-S processes exhibited by skilled readers. Computational models 

suggest that this developmental change is a consequence of how differences in the structure 

of the O-P and O-S mappings impact the statistical learning mechanism that attunes the 

reader to this structure (Harm & Seidenberg, 2004). Behaviorally, then, early readers are 

expected to exhibit a different weighing of the regularities in O-P and O-S mappings 

compared to adult readers in the same task.

Individual differences in the sensitivity to O-P and O-S processes

Even though there is an expected developmental trajectory at the group-level, not all 

individuals are predicted to follow it and similarly rely on the different regularities available 

to them in the input. As noted above, recent research using SL paradigms has revealed that 

there is substantial variability in SL ability. This suggests that individuals may differ in the 

degree to which they rely on different associations in a given task. That is, because not all 

individuals are similarly adept at learning the statistical regularities embedded in their 

environment, some may be better than others in finding the optimal balance in the use of 

different types of regularities (specifically O-P and O-S associations) for solving a particular 

reading task. In the context of a word naming task, which involves the mapping between 

orthographic and phonological word forms, we predict that some individuals will be better 

able to take advantage of the more systematic structure of the O-P mapping, whereas others 

will be more reliant on relatively arbitrary O-S associations. Furthermore, because individual 

differences in SL ability are correlated with differences in reading achievement (see above), 

we might further hypothesize that differences in the relative influence of O-P and O-S 

associations (i.e. the division of labor, Harm & Seidenberg, 2004) will be associated with 

differences in reading skill in general. Specifically, we hypothesize that readers who display 

greater sensitivity to O-P regularities in a naming task will have better reading skills than 

those who display less sensitivity to these regularities. In contrast, readers who rely more 

heavily on OS processes are expected to have lower reading skills. This hypothesis is 

compatible with computational models that simulate reading behavior at the individual level, 

suggesting that it may explain observed variance in behavioral studies (Plaut, McClelland, 

Seidenberg, & Patterson, 1996; Rueckl, Zevin, & Wolf VII, 2019; Zevin & Seidenberg, 

2006).
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To re-iterate, our approach focuses on estimating individuals’ reliance on different types of 

regularities in the context of a word naming task, where O-P regularities provide a more 

direct (and hence more efficient) source of information than O-S. Thus, sensitivity to O-P 

and O-S in word naming should not be taken to reflect an individual’s sensitivity to these 

processes in general (see more on this issue in the General Discussion). Our claim is that the 

reliance on O-P and O-S(-P) in a word naming task reflects an individual’s general tendency 

to rely on reliable (vs. arbitrary) regularities in the writing system, and will thus be related to 

overall reading skills. This hypothesis is consistent with a number of previous studies 

documenting variation in individuals’ reliance on different cues in word naming as a 

function of reading skill. In fact, preliminary suggestions regarding individual differences in 

code utilization among skilled readers can be traced back to the 1970’s: In their work on the 

effects of O-P regularities in the reading of English, Baron and Strawson (1976) 

distinguished between “Phoenician” readers who are relatively reliant on sub-lexical spelling 

to sound rules, and “Chinese” readers who are more dependent on lexical-level processing. 

Although the Phoenician vs. Chinese distinction did not hold up to further scrutiny (e.g. 

Brown, Lupker, & Colombo, 1994; Yap, Balota, Sibley, & Ratcliff, 2012), the core intuition 

underlying this distinction—that readers differ in the degree to which they rely on different 

types of information—is central to more recent investigations concerned with individual 

differences in the division of labor. For example, Strain and Herdman (1999) demonstrated 

that when college students were grouped into tertiles based on phonological decoding skills 

(as measured by a standardized test), those in the lowest tertile of decoding skill showed the 

strongest imageability effect. Larger imageability effects were also found for groups of 

children with lower skill levels compared to groups of better early readers (Coltheart, Laxon, 

& Keating, 1988; Schwanenflugel & Noyes, 1996), and in parallel, early empirical and 

theoretical work on the effects of O-P consistency pointed towards differences between 

groups of adult readers (e.g. slower and faster readers, Seidenberg, 1985; readers with and 

without reading difficulties, Plaut et al., 1996). Relatedly, children with poorer 

comprehension skills are worse in reading irregular O-P words compared to children with 

similar decoding skills but better comprehension ability (Nation & Snowling, 1998). More 

recently, studies further explored individual differences in O-S processing among adult 

readers, as reflected in the strength of imageability effects while reading irregular words. 

Specifically, it was found that larger imageability effects are negatively correlated with 

overall word reading performance (i.e. readers who rely more on semantic imageability 

generally read words more slowly; Woollams et al., 2016). In the same vein, a recent paper 

investigating visual word recognition through the lifespan showed that imageability effects 

decrease with age (in both naming and lexical decision tasks) and with overall reading skill 

(in naming; Davies, Birchenough, Arnell, Grimmond, & Houlson, 2017). Lastly, individual 

differences in the magnitude of the imageability effects were also found to be correlated 

with patterns of neural activity and structural connectivity (Graves et al., 2014; Hoffman, 

Lambon Ralph, & Woollams, 2015).

The current study

It is notable that the vast majority of prior studies of individual differences in the division of 

labor have investigated individual differences among adult readers. To our knowledge, there 

Siegelman et al. Page 7

J Mem Lang. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are no prior studies investigating the joint influences of O-P and O-S regularities on word 

reading in beginning readers even at the group level. The present study addresses this gap in 

the literature. By investigating individual differences in children’s sensitivity to O-P and O-S 

regularities in a word naming task and how differences in this division of labor are related to 

their reading skills, we sought to illuminate the processes by which developing readers 

become attuned to the structure of a writing system and why some individuals do this more 

successfully than others. Importantly, from the perspective of SL theory, understanding how 

sensitivity to different types of information develops can inform us regarding the actual 

statistics assimilated by readers as they learn to read.

Concretely, below we present data collected using a word naming task from two samples. 

The first sample includes a group of 3rd and 4th graders, with an over-sampling of children 

with reading disabilities (RD). The second sample comprises a larger group of 2nd to 5th 

graders, sampled from the full spectrum of reading abilities. Children in both samples 

participated in a word naming task in which O-P regularities, imageability, and frequency 

were manipulated. We used this task to estimate each individual’s reliance on O-P and O-S 

processes using logistic models predicting accuracy from measures of O-P regularities and 

imageability. In addition, standardized measures of component reading skills were collected 

for each participant. To preview our findings, we show that in line with our predictions, 

individuals substantially vary in their sensitivity to O-P and O-S regularities, and that those 

two processes account for very large portions of individual variation in reading skills among 

beginning readers of English.

Study 1

Methods

Participants—Children were recruited to a larger study examining response to 

intervention for reading disabilities (RD), which includes behavioral and neural measures at 

two time points, before and after an intensive phonics-based intervention. Here we only 

report baseline behavioral data collected prior to intervention. The sample includes 123 

children (69 boys) in the third and fourth grade (mean age in years: 9.2, SD = 0.7, range: 7.8 

– 11.3). Because the larger study focuses on response to intervention, this sample includes 

over-sampling of children diagnosed with RD: 101 out of the 123 children had a RD 

diagnosis, whereas the rest of the sample (22) were typically developing (TD) readers. 

Participants come from public and charter schools from a large urban community (68% 

African-American, 25% Caucasian, 7% Mixed Race/other). Diagnosis of RD was made 

using a study-based criterion, defined as scoring at least one standard deviation below age-

norm expectations on at least one standard reading assessment (see Arrington et al., 2019 for 

details). Due to the over-sampling of children with RD, participants had generally low 

average standard reading scores on Woodcock-Johnson III sub-tests (Woodcock, McGrew, & 

Mather, 2001): Letter-Word Identification: M = 92.08, SD = 12.24; Word Attack: M = 91.21, 

SD = 11.71; Passage Comprehension: M = 84.55, SD = 13.19; and Reading Fluency: M = 

90.76, SD = 14.41).
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Materials, Design and Procedure—Within a larger battery of behavioral and neural 

assessments, each child participated in a word naming task, as well as four sub-tests of the 

Woodcock-Johnson III, which are the focus of the analyses reported here.

The word naming task included 160 trials presented to children in a fixed order. In each trial, 

a fixation cross appeared for 500ms, and was then replaced by a monosyllabic word which 

was presented in the center of the screen until response. Participants were asked to read out 

loud each word as accurately and quickly as possible, and their responses were coded by an 

experimenter who sat in the experiment room. In addition, children’s responses were 

recorded and in cases when the experimenter could not decide during the experimental 

session whether a correct response was made they went back and listen to the recordings. 

Words were selected so they would be generally familiar to children in the 2nd grade and up, 

and so they would vary along the three independent variables: frequency, imageability, and 

O-P regularity. Frequency (log-transformed) was estimated for each word based on the Zeno 

corpus, grades 1–8 (Zeno, Ivens, Millard, & Duvvuri, 1995), and words’ imageability was 

based on standard ratings (Paivio et al., 1968). O-P regularity was operationalized as vowel 

surprisal (i.e. −log(p(i))) of the vowel pronunciation, which is a function of the relative 

likelihood of the pronunciation of a vowel grapheme (see Siegelman et al., 2020). Hence, for 

example, the word pint has a higher surprisal value than mint, since p(i → /aɪ/) is smaller 

than p(i → /ɪ/)1. Note that the decision to focus on regularities at vowel level differs from 

previous investigations of the imageability by consistency interaction, which have generally 

operationalized O-P consistency in terms of body-rime correspondences. Our choice of 

focusing on the vowel-level was based on results indicating that young readers rely more on 

grapheme-phoneme than body-rime regularities (Steacy et al., 2018; Treiman & Kessler, 

2006)2. Items were selected to minimize the correlations between the three independent 

variables. Thus, the correlations between the three independent variables across the 160 

items were small (O-P surprisal and imageability: r=−0.08; O-P surprisal and frequency: 

0.04; imageability and frequency: 0.16). Accuracy in each trial was used as the dependent 

variable, and was coded as 1 (correct) or 0 (incorrect) in each trial. Trials with microphone 

malfunctions or unclear responses were disregarded from further analysis (14.5% of all 

trials)3. Please refer to the Supplementary Material for the full list of items and their 

frequency, imageability, and O-P surprisal values, and mean by-item accuracy levels in 

Studies 1 and 2.

Each participant also completed four sub-tests of the Woodcock-Johnson III Tests of 

Achievement battery: Letter-word Identification (measuring letter and word decoding), 

1We used the values provided in the recent work by Siegelman et al. (2020), which quantifies grapheme-phoneme regularities based 
on a corpus of 10093 monosyllabic English words. To ensure that our estimates of individuals’ reliance on O-P regularities (see below) 
were not skewed by utilizing a corpus that is based on adult reading materials, we examined the item-level estimates of O-P surprisal 
for the 160 items in the word naming task based only on words that appear in the Zeno corpus (Zeno et al., 1995) in grades 1 and 2 
(3632 words). This calculation revealed a minimal impact of the type of corpus used with a near-perfect correlation between the values 
based on the child-directed input and the original values provided by Siegelman et al. (2020), of r = 0.985.
2Also note that generally there are high correlations between vowel-level and body-level regularities across items (i.e. words that are 
more regular at one grain size are also more regular at the other; see Siegelman et al. 2020). This was also the case in the current 
items, which were not selected to isolate sensitivity to vowel-level vs. body-level information. Differentiating between sensitivity to 
regularities in the two grain-sizes requires selection of items in which the two properties are uncorrelated.
3Because participants in this age range produced a large number of unclear or idiosyncratic responses (e.g., ‘hmmm’, ‘when is this 
done’) leading to unclear or inaccurate speech onsets, we a-priori decided not to further analyze latency data from the reading task and 
focus on accuracy, which tends to be more reliable in this age range.
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Word-Attack (pseudo-word reading), Reading Fluency, and Passage Comprehension. We use 

the raw scores in each of these four sub-tests as outcome measures.

Results and Discussion

Group-level analysis.—Before turning to the main focus of the paper – analyses of 

individual differences – we first report the group-level effects in the word naming task. To 

examine these, we ran a logistic mixed-effect model (Jaeger, 2008) using the lme4 package 

in R (Bates, Maechler, Bolker, & Walker, 2015), with correctness in each trial as the 

dependent variable. The model included frequency, imageability, and O-P surprisal as well 

as all interactions as fixed effects. The three predictors were scaled and centered to avoid 

collinearity. The model also included random intercepts for subjects and words, and random 

slopes for O-P surprisal and frequency (the maximal random effect structure that converged; 

Barr, Levy, Scheepers, & Tily, 2013). Collinearity in the model was small (all |r|<0.25). 

Table 1 presents the estimated fixed effects. As can be seen, and in line with previous 

studies, we found significant effects of all three main-effects on accuracy: words were 

named more accurately if they were higher on imageability, higher on frequency, and lower 

on O-P surprisal (i.e. more regular in terms of O-P). In addition to the main effects, we 

found two significant interactions: O-P regularity by frequency, and imageability by 

frequency. The O-P regularity by frequency interaction resembled that in adult studies, with 

a stronger O-P effect in infrequent compared to frequent words. In contrast, the imageability 

by frequency interaction went in an opposite direction compared to adult studies: The effect 

of imageability was stronger in frequent compared to infrequent words (i.e. super-additive 

interaction of imageability by frequency). The significant interactions are visually depicted 

in Figure 1. We return to the pattern of interactions in the General Discussion.

Individual-differences analysis.—Our main analyses focused on the effects of the three 

independent variables – O-P regularity, imageability, and frequency – on the word naming 

behavior of each subject. To estimate these individual-level effects, we ran a set of three 

logistic regression models on the data of each participant, including the subject’s trial-by-

trial data from the word naming task. All three models had accuracy in each trial as the 

dependent variable, while each model included one of the three predictors (centered and 

scaled) as the independent variable. The output of these models were used to estimate the 

impact of each of the three predictors on each individual’s word naming accuracy. Thus, 

each child had one slope score that estimates sensitivity to O-P regularity, one slope score 

that quantifies the effect of semantic imageability, and one slope score that indexes reliance 

on word frequency. Also note that because our individual-level models were based on 

predicting accuracy, at least some naming errors are required (i.e., no slopes can be 

estimated for a subject whose performance is perfect). We therefore excluded from the 

individual-level analysis data from two subjects who had a mean word naming accuracy of 

more than 98% (unsurprisingly, both subjects were from the TD group). Our individual-

differences analyses below are based on the data of remaining 121 participants, whose mean 

accuracy varied between 10% to 97.8% (mean = 69.4%, SD = 18.5%). Note that due to 

inter-individual variance in the number of correct responses, estimates of slope scores are 

expected to vary in their reliability across subjects: Less reliable estimates are expected for 

subjects with very high or low accuracy rates, compared to subjects with a large enough 
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number of correct and incorrect trials. Nonetheless, we do not expect this variability in 

reliability to systematically bias the correlation between the slope scores and reading skill – 

which are the center of the current analyses. Rather, if anything, the increased measurement 

error for some subjects should result in an under-estimation of the true correlation due to 

attenuation4. Also note that although in the surprisal measure of O-P regularities higher 

values represent more surprising (i.e. unpredictable) readings, for simplicity, we ‘flipped’ 

the O-P surprisal slope scores in all further analyses. Thus, the slope score of sensitivity to 

O-P regularity was coded such that higher, positive, values represent more sensitivity to O-P 

regularities, in the same direction as the slope scores reflecting sensitivity to imageability 

and frequency.

Given our theoretical focus, we first focused on the individual differences in sensitivity to O-

P regularity and imageability, and their relation to individual differences in reading skills. 

These results are summarized in Figure 2, which depicts the spread of individuals according 

to each child’s sensitivity to O-P regularity (x-axis) and imageability (y-axis). As can be 

seen, and as expected given the group-level analysis above, readers exhibited sensitivity to 

both O-P regularity and imageability on average (vertical and horizontal dashed lines, both 

significantly higher than zero; O-P regularities: one-sample t(120) = 15.35, p < 0.001; 

imageability: t(120) = 14.01, p < 0.001). Importantly, however, there was substantial 

variability along the two axes, suggesting that not all individuals are similarly impacted by 

these two properties. Also note that sensitivity to OP regularity and imageability were 

significantly negatively correlated (r=−0.32, p < 0.001), although this correlation was 

moderate in magnitude, suggesting that the effects of O-P regularity and imageability reflect 

related, yet separate, processes.

Next, we examined the relations between each individual’s reliance on O-P and O-S 

associations as assessed by the slope scores and their overall reading skills, estimated by the 

standardized reading measures. We thus ran four multiple regression models, all including 

the two slope scores as independent variables, and raw scores in one of the Woodcock 

Johnson sub-tests as a dependent variable. The results of these models are summarized in 

Table 2. Across all four sub-tests, we found that greater sensitivity to O-P regularity and 

lower sensitivity to imageability were associated with better reading performance. Note that 

the effects were not only significant, but also of large magnitude (adj-R2 values: Word-

Attack: 53%; Letter-Word Identification: 46%; Reading Fluency: 44%; Passage 

Comprehension: 32%). As an illustration of the strength of this association, Figure 2 

presents letter-word identification scores in color scale: It can be clearly seen that as 

individuals’ sensitivity to O-P regularity increases (i.e. higher scores along the a-axis), and 

sensitivity to imageability decreases (i.e. lower scores along the y-axis), Letter-Word 

Identification scores increases. Next, we also examined whether sensitivity to frequency 

adds to the predictive value of O-P regularity and imageability, by adding to the multiple 

regression models the slope scores reflecting reliance on frequency. Notably, in three out of 

four models (letter-word identification, word attack, passage comprehension) adding 

frequency to the models did not result in significant improvement in model fit (p > 0.05; 

4To account for this issue, future modifications to the task can adopt an adaptive design, where items are chosen online based on each 
child’s performance in the naming task, so a similar mean accuracy rate is achieved for all subjects.
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Δadj-R2<1%). Sensitivity to frequency was significantly associated with Passage 

Comprehension scores beyond sensitivity to O-P regularity and imageability (β=2.32, 

SE=1.01, p = 0.024), albeit with a small improvement in model fit (Δadj-R 2=2.35%). 

Together, then, measures of sensitivity to O-P regularity and imageability based on the word 

naming task were better predictors of participants’ reading skills than sensitivity to 

frequency.

The associations of reading skills with the individual-level effects of O-P regularity and 

imageability (and the numerically smaller magnitude of the correlations with that of 

frequency) is also apparent in Table 3 which shows all zero-order correlations between the 

three slope measures and the reading sub-tests. Whereas reading skills were strongly 

positively correlated with sensitivity to O-P regularity (all 0.67 ≥ r’s ≥ 0.53), and negatively 

correlated with imageability (all −0.31 ≥ r’s ≥ −0.58), their correlations with sensitivity to 

frequency were generally lower (−0.04 ≥ r’s ≥ −0.33). Nonetheless, and despite the fact that 

reliance on frequency was generally not significantly related to reading performance above 

and beyond reliance on O-P regularity and imageability, it is worth mentioning that 

sensitivity to frequency was generally negatively associated with reading skills. This aligns 

with findings with adult readers showing that higher reading skills are correlated with lesser 

impact by word frequency in different tasks (e.g. Kuperman & Van Dyke, 2013; Schilling, 

Rayner, & Chumbley, 1998). Nonetheless, our data suggest that O-P regularity and 

imageability are more strongly correlated with early reading skills compared to sensitivity to 

frequency.

Lastly, we examined whether sensitivity to O-S and O-P processes is associated not only 

with continuous measures of reading, but also with categorical TD/RD diagnosis – that is, 

whether the two slope scores can distinguish between children with and without RD 

diagnosis. A logistic model with TD/RD diagnosis of each child and slope scores of O-P 

regularities and imageability revealed that indeed, higher sensitivity to O-P regularities and 

lower reliance on imageability were associated with a TD (rather than a RD) diagnosis 

(sensitivity to O-P regularities: B=2.21, SE=0.52, Z=4.21, p < 0.001; imageability B=−0.78, 

SE=0.35, Z=−2.24, p = 0.02; McFadden’s multiple-R2 = 45%). Figure 3 visually depicts 

these results, showing that participants without reading disabilities (TD readers) are those 

who show greater sensitivity to O-P regularities and lower sensitivity to imageability 

compared to their peers (i.e. TD readers are concentrated in a limited portion of the 

regularity by imageability space, generally exhibiting larger than average sensitivity to 

regularity, and smaller than average sensitivity to imageability). Among RD readers, 

however, there is substantial variability in the extent of sensitivity to the two sources of 

information.

Study 2

The primary goal of Study 2 is to replicate the findings of Study 1. We utilize a similar task 

to estimate individuals’ reliance on O-S and O-P associations during word naming, and 

examine the relation between these processes and individual differences in reading skills. 

Study 2 includes an even larger sample of children compared to Study 1. Moreover, this 

sample consists of a cohort of children which are more representative of typical variability in 
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reading skills, as they were sampled from the general population of early readers without 

over-sampling of children with RD. This enables us to examine whether reliance on the two 

processes is associated with variability in reading skill also among children without a formal 

diagnosis of RD.

Methods

Participants—A total of 282 children (143 boys) participated in Study 2. All children were 

in the 2nd to 5th grade, and their mean age was 9.43 (SD=1.17, range=7.3–13.08). 

Participants came from both public and private schools, and the sample was made up of 51% 

African American, 36% Caucasian, 11.5% Hispanic, and 1.5% Mixed Race students. As 

expected given the differences in the samples, participants had higher average standardized 

reading assessment scores compared to those of Study 1 (Letter-Word Identification: M = 

97.59, SD = 11.47; Word Attack: M = 98.12, SD = 9.56; Passage Comprehension: 90.40, SD 

= 11.41; all p’s < 0.001).

Materials, Design and Procedure.—The word naming task contained the same items as 

Study 1. Students were asked to read the words in a list format as quickly and accurately as 

they could and a research assistant coded the child’s responses. Audio of the experimental 

session was recorded and experimenters could go back and listen to the recordings in cases 

where they could not decide whether a correct response was made during the experimental 

session. Children also participated in three sub-tests of reading skills from the Woodcock-

Johnson III: Letter-Word Identification, Word Attack, and Passage Comprehension.

Results and Discussion

Group-level analysis—As in Study 1, we first ran a logistic mixed-model to estimate the 

group-level effects in the word naming task. The model again included frequency, 

imageability, and O-P surprisal (all standardized) as well as all interactions as fixed effects, 

with accuracy as the dependent variable. The model included by-subject and by-item 

random intercepts, and by-subject random slopes for O-P surprisal and frequency (the 

maximal random effect structure that converged; Barr, Levy, Scheepers, & Tily, 2013). 

Collinearity in the model was again small (all |r|<0.25). As can be seen in Table 4, higher 

frequency and lower O-P surprisal (i.e. higher O-P regularity) were both associated with 

higher naming accuracy. In contrast, the effect of imageability on group level accuracy did 

not reach significance. Thus, on average, naming performance for this group of readers was 

not significantly impacted by imageability, as opposed to performance in the sample of 

Study 1. One possible reason for this arises from the fact that on average Study 2’s 

participants are better readers than the mostly RD sample of Study 1 (and see aggregated 

analysis section, below). The effects of the interactions mirrored those in Study 1: There was 

a sub-additive frequency by O-P surprisal interaction (i.e. a stronger O-P regularity effect in 

infrequent words), and a super-additive interaction between frequency and imageability (a 

stronger frequency effect in highly imageable words).

Individual-differences analysis—Four children had mean word naming accuracy of 

more than 98% and their data were therefore removed from further analysis. For each of the 

remaining 278 children (accuracy range: 9%−97%, mean = 78.9%, SD = 19.8%), we again 
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estimated sensitivity to O-P regularity, imageability, and frequency, using logistic models 

predicting accuracy of each subject at each trial from each predictor. Note that we again 

‘flipped’ the slope scores of O-P surprisal such that higher scores reflect more sensitivity to 

O-P regularities.

Figure 4 shows the spread of individuals along the two critical dimensions: sensitivity to O-P 

regularity and imageability. Despite the fact that there was no group-level effect of 

imageability in the mixed-model above, mean slope scores of sensitivity to O-P regularity 

and imageability both significantly differed from 0 (vertical and horizontal dashed lines: O-P 

regularities: one-sample t(277) = 26.41, p < 0.001; imageability: t(277) = 13.72, p < 0.001). 

This suggests that the lack of observed sensitivity to imageability at the group level is related 

to the inclusion in the model of the higher order interactions, substantial shrinkage, and/or 

substantial variance across items (which mixed-models take into account; see Jaeger, 2008 

for discussion). Note also that although sensitivity to O-P regularity and imageability were 

again numerically negatively correlated, this correlation was very weak and failed to reach 

significance (r=−0.06, p=0.29; and see aggregated analysis section, below).

Most importantly, however, and in line with the results of Study 1, sensitivity to imageability 

and O-P regularity were again associated with reading skills. This is reflected in Figure 4 

which depicts letter-word identification scores (in color scale) as a function of the two slope 

scores. The full results are shown in Table 5, which shows the outputs of three multiple 

regression models with the three Woodcock-Johnson sub-tests as dependent variables. As in 

Study 1, in all three models we found that higher sensitivity to O-P regularity and less 

sensitivity to imageability were associated with better reading skills. Also note that again 

effect sizes were large (adj-R2 values: Word Attack: 39%; Letter-Word Identification: 38%; 

Passage Comprehension: 24%), albeit somewhat lower than in Study 1 (and see aggregated 

analysis section for further discussion). As for sensitivity to frequency, we again found that 

it had only limited relations to reading skills beyond sensitivity to imageability and O-P 

regularity: Adding slopes of sensitivity to frequency did not improve model fit for Letter-

Word Identification and Passage Comprehension (p>0.05), although it did have a significant 

yet small added effect on Word Attack scores (β=−0.84, SE=0.28, p = 0.003, Δadj-

R2=1.7%). Table 6 includes the full correlation matrix with the three slope scores and the 

Woodcock-Johnson sub-tests. In line with the results of Study 1, the reading skills scores 

were significantly positively correlated with sensitivity to O-P regularity, significantly 

negatively correlated with imageability, and negatively (yet generally insignificantly) 

correlated with sensitivity to frequency.

Aggregated Analysis

As noted above, participants in the two studies were sampled from two different populations: 

Although the sample of Study 1 consisted mostly of RD readers, participants in Study 2 

were sampled from the general population of early readers. Indeed, this different sampling 

was reflected in significant differences in the three sub-components of the Woodcock-

Johnson sub-tests that were administered in both samples (see above). Importantly, the 

difference between the samples was also reflected in the slope scores extracted from the 

word naming task. Thus, in line with the results above, the better readers of Study 2 showed 
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greater mean slopes of O-P regularity and smaller slopes of imageability than the mostly-RD 

participants of Study 1 (O-P regularity: t(397) = 3.02; p = 0.003; imageability: t(397) = 3.01; 

p = 0.002).

Despite the different samples, the results of Studies 1 and 2 point to a similar general 

conclusion: In both studies greater sensitivity to O-P regularity and lower sensitivity to 

imageability were associated with higher reading skills. Unsurprisingly, aggregating the data 

from the two samples (n = 399) showed that sensitivity to O-P regularity and imageability 

were both strongly associated with reading skills, as expected given the separate results of 

Study 1 and 2 (see Table 7 for output of regression models predicting performance on the 

Woodcock-Johnson sub-tests, and Figure 5 for an aggregated scatter plot).

Despite the similarities in the effects of the slope scores on reading across the two studies, 

there were two differences between the samples that warrant additional investigation. First, 

whereas in Study 1 we observed a significant negative correlation (of r = −0.32) between O-

P regularity and imageability, no significant correlation between the slope scores was 

observed in Study 2 (r = −0.06), and these two correlation coefficients significantly differed 

from one another (Z = 2.47, p = 0.01). Second, effects sizes (i.e., percent of variance 

explained) were generally higher among the lower-skilled readers of Study 1 compared to 

those of Study 2 (see R2 values in Table 2 vs. Table 5, above).

These two discrepant findings raise the possibility that the development of the two processes 

and their relation to reading behavior is non-linear. For example, it is possible that 

knowledge of the correspondences between graphemes and phonemes follows a non-linear 

trajectory, developing rapidly (and showing substantial individual differences) among early/

poor readers, while its growth saturates (or even decreases) among readers that are more 

further along the literacy acquisition trajectory. This prediction conforms with 

developmental studies documenting a non-linear trajectory of O-P consistency effects (e.g. 

Weekes et al., 2006), and with non-linear effects in language and skill acquisition more 

broadly (e.g. Farnia & Geva, 2011; Newell, 1991). Importantly, aggregating the data from 

the two studies allowed us to achieve sufficient power to examine the possibility of such 

non-linear effects using more sensitive statistical analysis.

To do so, we ran Generalized Additive Models (GAM) on the aggregated data from the two 

studies (n=399 children). In contrast to linear models, in GAMs the relation between a 

dependent variable and a predictor or a set of predictors does not have to be linear. Instead, 

GAMs use smoothed terms of the predictor(s) to find the function that best fits the outcome. 

Then, these models can be compared to models without smoothed terms for one or more of 

the predictors, to examine whether the non-linear smoothing indeed accounts for the data 

better than a simple linear function (i.e. whether the non-linear transformation is warranted 

by the data). Here we report two GAMs using the mgcv package in R (Wood, 2011), both 

with O-P regularity and imageability as predictors. The dependent variable in the first model 

was Letter-Word Identification scores, and Word Attack scores in the second.

The results of the GAMs are presented in Figure 6. As can be seen in the top panel, the 

estimated effect of imageability on the two dependent variables was negative as expected, 
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and importantly -almost entirely linear. Indeed, a Chi-square test comparing the GAMs with 

smoothed terms for both O-P regularity and imageability to models without a smoothed term 

for imageability revealed no significant difference in models’ fit (p > 0.05 for both 

dependent variables). In contrast, the positive effect of O-P regularities on reading skills was 

non-linear: Model comparison revealed a significant increase in model fit for models with a 

non-linear term for O-P regularity (for both models: p < 0.001). More specifically, the 

impact of sensitivity to O-P regularity on reading skills had a seemingly logarithmic 

trajectory, with a strong positive impact on reading at lower skills, which saturates at higher 

skill level (see Figure 5, top panel). The joint impact of sensitivity to imageability and O-P 

regularities on the two dependent variables are depicted in the bottom panel of Figure 5, 

which presents predicted reading scores given a reader’s sensitivity to O-P regularities and 

imageability. This again shows the clear relation between the two dimensions and reading 

skills, while also taking into account the non-linear impact of sensitivity to O-P regularity on 

reading.

Lastly, we wished to examine the role of vocabulary knowledge in the development of the 

reliance on O-P and O-S processes and their associations with reading skills. This analysis is 

motivated by behavioral studies showing that reading development is related not only to 

decoding skills but to oral learning skills more broadly (e.g. Nation & Snowling, 2004), and 

by recent computational work suggesting that vocabulary skill is associated with a more 

efficient division of labor (as better oral language skills reflect better knowledge of S-P and 

P-S mappings, which is then beneficial for the development of an efficient division of labor 

between O-P and O-S; Chang & Monaghan, 2019; Chang, Monaghan, & Welbourne, 2019). 

Indeed, we found significant correlations between a measure of vocabulary knowledge (raw 

scores in the vocabulary sub-test of the WASI-II, Wechsler, 2011) and sensitivity to O-P and 

O-S: a positive correlation with reliance on O-P (r = 0.2), and a negative association with O-

S (r = −0.27 both p’s < 0.001). Importantly, however, even after controlling for vocabulary 

skills we found significant associations (with large effect sizes) between sensitivity to O-P 

and O-S and reading outcomes (Table 8). Thus, although better knowledge of S-P/P-S does 

support the development of a more efficient division of labor as reflected in word naming 

(i.e. more reliance on O-P and less reliance on O-S), the associations between sensitivity to 

O-P and O-S and reading skill cannot be explained solely by variance in vocabulary 

knowledge.

General Discussion

The current work revisits a basic question: What are the processes that lead to successful 

early reading acquisition? From an SL perspective, achieving proficient reading requires the 

assimilation of statistical regularities present across varied linguistic dimensions in the 

writing system. Thus, early readers who are better in assimilating these regularities are 

expected to be more proficient readers than those with poorer SL abilities. The current 

results provide strong evidence for this theoretical claim. Namely, data from almost 400 

early readers of English show that children who show greater sensitivity to the 

correspondences between print and speech in word naming have better reading skills. In 

parallel, individuals who display greater reliance on associations between print and meaning, 
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and particularly those who are also not sensitive to O-P correspondences, are characterized 

by lower reading abilities.

A small number of previous studies have investigated differences in the imageability effect 

between sub-groups of children who vary in their reading skills. For example, Coltheart, 

Laxon, and Keating (1988) found that imageability facilitated word naming for the poorer 

readers among a sample of nine-year-old children but had no effect on the performance of 

the better readers. Relatedly, although Schwanenflugel and Noyes (1996) found limited 

evidence that imageability affects word naming by 3rd-and 5th-grade children, their results 

also suggested that imageability effects are larger for poorer readers. Joining these studies is 

the work by Davies et al. (2017) showing that the magnitude of the imageability effect is 

modulated by both age and reading skill in a sample of 8 to 83 year-old readers, with larger 

imageability effects for younger, and poorer, readers. Our results extend these findings in an 

important way: Because we manipulated both imageability and O-P regularity, we 

documented the joint contribution of the reliance on regularities in O-P as well as O-S over a 

large sample of children with diverse reading skills. Similarly, a handful of previous studies 

have investigated individual differences in the division of labor between O-P and O-S 

contributions to word naming in adults (e.g. Strain & Herdman, 1999; Woollams, Lambon 

Ralph, Madrid, & Patterson, 2016). Our study extends this work by investigating these 

processes during a period of the developmental trajectory for which we have theoretical and 

computational insights (e.g. Harm & Seidenberg, 2004) but a dearth of empirical data. In 

line with this computational work, our results suggest that developing an efficient division of 

labor between O-P and O-S is crucial for early reading success.

Although the main focus of the present investigation is individual-level variation, the current 

results also present intriguing group-level effects that shed additional light on the 

development of the division of labor between O-P and O-S processes. Specifically, in both 

studies we observed a similar pattern of interactions between frequency, imageability, and 

O-P regularity on group-level performance: We found that whereas the O-P regularity effect 

was stronger with infrequent compared to frequent words, the imageability effect was 

stronger with frequent compared to infrequent words. Further, neither the interaction 

between imageability and O-P regularity nor the three-way interaction of frequency, 

regularity, and frequency were statistically reliable. Thus, whereas the O-P regularity by 

frequency interaction resembles the effect typically observed in adults, the lack of 

interactions between imageability and regularity, and the opposite interaction between 

imageability and frequency, differed from previous studies with adult samples (e.g. Strain et 

al., 1995). This pattern of interactions may be due to differences in the rate of learning of O-

P and O-S associations: O-S associations are learned more slowly and thus at the age range 

of the children in our sample the O-S associations for lower-frequency and/or O-P irregular 

words may be too weak to contribute significantly to word naming (see Duff & Hulme, 

2012, and Laing & Hulme, 1999, for similar results in a word learning paradigm). From this 

perspective, the group-level results compliment the individual-level findings: O-P 

associations are learned earlier and are strongly related to reading skills among early 

readers; full knowledge of the more arbitrary O-S associations is expected to emerge only 

later and at this developmental stage general reliance on O-S (when other sources of 
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information are present) is associated with lower reading skills (see also Harm & 

Seidenberg, 2004).

Although the results of our study shed light on an important aspect of literacy acquisition, 

they also raise several issues that should be addressed by further research. One issue 

concerns the nature of the mechanism that gives rise to individual differences in sensitivity 

to O-P regularities. As mentioned above, some portion of the variance in reliance on O-P (as 

well as on O-S) was related to vocabulary skills: A measure of vocabulary skill was 

positively associated with the magnitude of the O-P effect, and negatively associated with 

the imageability effect. This suggests that one factor that contributes to the development of 

O-P knowledge (and a more efficient division of labor more broadly) is better knowledge of 

the associations between phonology and semantics, in line with recent computational work 

(Chang & Monaghan, 2019; Chang et al., 2019). At the same time, oral language skills did 

not account for variability in O-P fully, and an open question therefore is what additional 

mechanism(s) give rise to these individual differences. One possibility is that these 

differences are related to the effectiveness of the mechanism that tracks the statistical 

relationships between orthographic and phonological units. That is, perhaps readers who are 

less impacted by O-P regularities are less adept at forming associations between well-

established orthographic and phonological representations based on the reliability of these 

relationships. Alternatively, it is possible that these readers’ failure in forming these 

associations is the result of a deficiency in the orthographic or phonological representations 

themselves – for example, unstable phonological representations, resulting in poor 

associations with orthographic representations. These two possibilities reflect the principles 

of computational models of reading (Harm, McCandliss, & Seidenberg, 2003; Harm & 

Seidenberg, 1999; Rueckl et al., 2019), which suggest that differences in the quality of O-P 

relations are related to both learning-related parameters (e.g. learning rate, number of hidden 

units) and parameters related to the quality of the phonological representations (e.g. 

phonological noise). These two possibilities also relate to the model of SL by Frost and 

colleagues, which posits that individual differences in a given SL task are the result of the 

interplay between individuals’ ability to compute regularities between established 

representations, and their encoding abilities that enable the efficient formation of these 

representations to begin with (Frost, Armstrong, Siegelman, & Christiansen, 2015). Also of 

note is that given the presumed involvement of SL in word segmentation (Saffran, Aslin, & 

Newport, 1996), impaired phonological representations may also be related to SL deficits. 

To dissociate between these two possible explanations (and their relative contribution), 

future studies can consider measures that directly assess the quality of orthographic and 

phonological representations (e.g. phonological awareness), and further explore the relations 

between sensitivity to O-P regularities, quality of representations, oral language skills, and 

reading.

A second issue concerns the relationship between the attunement of the reading system to 

statistical regularities and the manifestation of those regularities in behavior. From our 

perspective, reading behavior is jointly determined by both O-P and O-S regularities; the 

influence of either depends on how well both have been assimilated as well as how reliable 

they are in a particular task. In the context of word naming, the behavioral manifestation of 

O-P regularities (as assessed by the O-P regularity effect) can be taken as a reasonably direct 
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index of the degree to which those regularities have been assimilated into the organization of 

the reading system. Thus, with regard to our experiments, the magnitude of the O-P 

regularity effect can be taken as an indicator of how well an individual had assimilated the 

statistical regularities of the O-P mapping. In contrast, as illustrated by the modulation of the 

imageability effect on word naming by factors such as word frequency and O-P consistency, 

the manifestation of semantic regularities in this task is dependent on whether other 

regularities (in particular O-P regularities) serve as an efficient source of information to 

guide word reading. Thus, although differences in the magnitude of the imageability effect 

clearly reveal differences in the overall organization of the reading system, they should not 

be taken as a (context-free) measure of the strength of an individual’s O-S (and S-P) 

knowledge. Rather, an individual’s imageability effect is a proxy of the use of unreliable 

information despite the availability of more reliable information. Indeed, although we 

observed that poorer readers exhibited larger imageability effects, there is reason to believe 

that poorer readers are less adept at assimilating O-S regularities in general (see Keenan & 

Betjemann, 2008). Going forward, it will be vital to develop methods that allow us to assess 

how well O-S regularities have been assimilated across different reading tasks, to identify 

the factors related to individual differences in the ability to assimilate them, and to determine 

whether these are the same factors underlying variability in the assimilation of O-P 

regularities as well (see Sawi & Rueckl, 2019, for discussion).

Beyond these specific issues, we believe that our study has broader implications for the 

study of reading, as it provides a glimpse of an important but understudied aspect of literacy 

acquisition. More research is needed not only to gain a more complete picture of the division 

of labor between O-P regularities and imageability across the course of literacy acquisition, 

but also to reveal the role of other regularities (e.g. morphological regularities, O-P 

regularities at different grain sizes) over this same time course. In addition, whereas the 

experiments reported here focused on the results of long-term SL—that is, the behavioral 

consequence of learning that took place prior to the experiment—it is critical that future 

research target the learning mechanisms themselves. In this regard, it is interesting to note 

that recent findings suggest that O-P regularities and imageability play a facilitatory role in 

word learning, a role that further varies as a function of individual-level reading skill (e.g., 

Duff & Hulme, 2012; Steacy & Compton, 2019).

Finally, our study has implications for the study of SL more broadly. It is useful to consider 

the differences between the results of the current study and those of previous studies 

examining the correlations between SL tasks and reading skills. Of particular note is the 

strong predictive power of the measures examining reliance on O-P and O-S compared to the 

much weaker correlations observed in correlational studies of ‘typical’ SL tasks and reading 

outcomes. Some of the reasons for this difference are methodological. Specifically, SL tasks 

are oftentimes characterized by compromised reliability, especially with children (Arnon, 

2019a; West, Vadillo, Shanks, & Hulme, 2018), which may limits the tasks’ predictive 

power. Importantly, however, we believe that this discrepancy also originates from 

theoretical reasons. First, there is growing evidence that SL is not (or at least not 

exclusively) a domain-general construct, but rather shows patterns of modality and 

information-specificity (e.g. Arciuli, 2017; Siegelman, Bogaerts, Christiansen, & Frost, 

2017). Per this domain-specific view of SL, learning one type of regularity (e.g. learning the 
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transitional probability between two shapes) may be different than learning another (e.g. an 

association between a letter and a sound). Second, and relatedly, our results highlight the 

different nature of learning of regularities in ‘typical’ SL tasks and those that are actually 

assimilated by learners in real-world tasks (e.g. reading). Namely, typical SL studies focus 

on constrained, highly (if not fully) regular, and uni-modal statistical contingencies that are 

learned over a short period of time. In contrast, the current approach examines reliance on 

more complex types of regularities, which vary in their reliability, that are concurrently 

presented to learners, and that are assimilated over long time-scales. Our results suggest that 

these more complex regularities are those that play a role in reading acquisition, more so 

than the simplified regularities typically studied in SL paradigms. We therefore believe that 

in order for SL theory to scale-up to the actual challenges presented by real-world learning 

tasks, it must go beyond simplified learning scenarios, and focus on these types of more 

complex and subtle regularities.
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Highlights

• Reading requires assimilating regularities between print, speech, and 

meaning.

• We quantify early readers’ reliance on these regularities during word naming.

• Children who rely more on print-speech regularities have better reading skills.

• Children who rely more on print-meaning associations are poorer readers.
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Figure 1. 
Significant interactions in the group-level analysis of Study 1. Left panel: greater impact of 

frequency in higher levels of surprisal (i.e. when O-P regularities are less consistent). Right 

panel: greater impact of frequency in higher levels of imageability. Plots created using the 

interact_plot() function in interactions package in R (Long, 2019).
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Figure 2. 
Variability among participants in Study 1 in sensitivity to imageability (y-axis) and O-P 

regularities (x-axis). Vertical and horizontal dashed lines show mean sensitivity to O-P 

regularity and imageability, respectively. Dashed trend line show correlation between the 

two slope measures. Color scale presents raw scores on Letter-Word Identification task.
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Figure 3. 
RD diagnosis (in color) as a function of sensitivity to imageability (y-axis) and O-P 

regularity (x-axis).
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Figure 4. 
Variability among participants in Study 2 in sensitivity to imageability (y-axis) and O-P 

regularities (x-axis). Vertical and horizontal dashed lines show mean sensitivity to O-P 

regularity and imageability, respectively. Dashed trend line show correlation between the 

two slope measures. Color scale presents raw score on Letter-Word Identification task.
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Figure 5. 
Variability among participants across the two studies in sensitivity to imageability (y-axis) 

and O-P regularities (x-axis). Vertical and horizontal dashed lines show mean sensitivity to 

O-P regularity and imageability, respectively. Dashed trend line show correlation between 

the two slope measures. Color scale presents raw score on Letter-Word Identification task.
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Figure 6. 
GAM results based on the aggregated data (n=399). Panel A: Estimated effects of the 

smoothed terms of sensitivity to imageability and O-P regularity on (residualized) Letter-

Word Identification (left) and Word Attack (right) scores. Panel B: Predicted scores in 

Letter-Word Identification (left) and Word Attack (right) as a function of sensitivity to O-P 

regularity (x-axis) and imageability (y-axis).
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Table 1:

Group-level effects on accuracy in the word naming task in Study 1.

Predictor β (coefficient) SE z value p value

IMG .234 .081 2.90 .003

O-P REG −.500 .085 −5.86 <.001

FREQ 1.03 .085 3.22 <.001

IMG*O-P REG −.135 .083 −1.64 .10

IMG*FREQ .324 .093 3.48 <.001

O-P REG*FREQ .269 .085 3.15 .002

IMG*O-P REG*FREQ .154 .089 1.72 .09

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal); FREQ: Frequency.
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Table 2:

Regression models predicting reading skill from sensitivity to imageability and O-P regularity in Study 1.

Predictor β (coefficient) SE z value p value

Dependent variable: Letter-Word Identification (adj-R2=46%)

O-P REG 4.57 0.55 8.26 <.001

IMG −1.63 0.55 −2.95 .004

Dependent variable: Word Attack (adj-R2=53%)

O-P REG 3.65 0.43 8.55 <.001

IMG −2.15 0.43 −5.03 <.001

Dependent variable: Reading Fluency (adj-R2=32%)

O-P REG 5.92 1.02 5.80 <.001

IMG −3.06 1.02 −2.99 .003

Dependent variable: Passage Comprehension (adj-R2=44%)

O-P REG 2.87 0.39 7.35 <.001

IMG −1.47 0.39 −3.77 <.001

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal). Predictors are centered and scaled.
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Table 3:

Bi-variate Pearson correlations of sensitivity to O-P regularity, imageability, and frequency with standardized 

reading measures in Study 1. Significant correlations (p < 0.05) are shown in bold.

Measure 2 3 4 5 6 7

1. O-P regularity −0.32 −0.30 0.65 0.67 0.62 0.53

2. Imageability — 0.26 −0.39 −0.51 −0.44 −0.38

3. Frequency — −0.16 −0.33 −0.10 −0.04

4. Letter-Word Identification — 0.78 0.83 0.85

5. Word Attack — 0.74 0.65

6. Passage Comprehension — 0.80

7. Reading Fluency —
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Table 4:

Group-level effects on accuracy in the word naming task in Study 2.

Predictor β (coefficient) SE z value p value

IMG .128 .087 1.47 .14

O-P REG −.584 .091 −6.40 <.001

FREQ 1.028 .089 11.46 <.001

IMG*O-P REG −.067 .088 −0.76 .44

IMG*FREQ .269 .099 2.70 .007

O-P REG*FREQ .218 .090 2.41 .016

IMG*O-P REG*FREQ .172 .095 1.82 .07

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal); FREQ: Frequency.
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Table 5:

Regression models predicting reading skill from sensitivity to imageability and O-P regularities in Study 2.

Predictor β (coefficient) SE z value p value

Dependent variable: Letter-Word Identification (adj-R2=38%)

O-P REG 4.59 0.36 12.73 <.001

IMG −1.03 0.36 −2.85 .005

Dependent variable: Word Attack (adj-R2=39%)

O-P REG 3.51 0.28 12.60 <.001

IMG −1.08 0.28 −3.89 <.001

Dependent variable: Passage Comprehension (adj-R2=24%)

O-P REG 2.35 0.27 8.81 <.001

IMG −0.74 0.27 −2.77 .006

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal); FREQ: Frequency.
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Table 6:

Bi-variate Pearson correlations of sensitivity to O-P regularities, imageability, and frequency with standardized 

reading measures in Study 2.

Measure 2 3 4 5 6

1. O-P regularity −0.06 −0.17 0.61 0.60 0.47

2. Imageability — 0.13 −0.17 −0.22 −0.18

3. Frequency — −0.10 −0.26 −0.04

4. Letter-Word Identification — 0.76 0.74

5. Word Attack — 0.62

6. Passage Comprehension —

Significant correlations (p < 0.05) are shown in bold.
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Table 7:

Regression models predicting reading skill from sensitivity to imageability and O-P regularities in the 

aggregated analyses (n=399).

Predictor β (coefficient) SE z value p value

Dependent variable: Letter-Word Identification (adj-R2=43%)

O-P REG 4.83 0.31 15.76 <.001

IMG −1.39 0.31 −4.53 <.001

Dependent variable: Word Attack (adj-R2=45%)

O-P REG 3.84 0.25 15.67 <.001

IMG −1.61 0.25 −6.57 <.001

Dependent variable: Passage Comprehension (adj-R2=32%)

O-P REG 2.69 0.23 11.91 <.001

IMG −1.12 0.23 −4.95 <.001

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal); FREQ: Frequency.
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Table 8:

Regression models predicting reading skill from sensitivity to imageability and O-P regularities in the 

aggregated analyses (n=399), while controlling for vocabulary knowledge.

Predictor β (coefficient) SE z value p value ΔR2

Dependent variable: Letter-Word Identification (adj-R2=47%)

O-P REG 4.55 0.30 15.24 <.001
34%

IMG −0.97 0.31 −3.17 .002

Vocabulary 1.79 0.31 5.81 <.001 5%

Dependent variable: Word Attack (adj-R2=48%)

O-P REG 3.63 0.24 15.05 <.001
36%

IMG −1.29 0.25 −5.24 <.001

Vocabulary 1.30 0.25 5.22 <.001 4%

Dependent variable: Passage Comprehension (adj-R2=49%)

O-P REG 2.32 0.20 11.65 <.001
20%

IMG −0.53 0.20 −2.60 .009

Vocabulary 2.33 0.21 11.31 <.001 17%

Notes: IMG: imageability; O-P REG: O-P regularity (surprisal); FREQ: Frequency. ΔR2 values are the difference in R2 between the full model and 
a partial model that includes only the relevant predictor(s).
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