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of Different Script Bilinguals

Billy Mor and Anat Prior

Faculty of Education, University of Haifa

Reading efficiently in a second language (L2) is a crucial skill, but it is not universally achieved. Here we
ask whether L2 reading efficiency is better captured as a language specific skill or whether it is mostly
shared across L1 and L2, relying on general language abilities. To this end, we examined word frequency
and predictability effects in sentence reading, and tested the same readers in L1 and L2, recording partici-
pants' eye-movements. Participants were 57 undergraduate bilingual speakers of Hebrew and English, lan-
guages that use different scripts, allowing for a clearer distinction between L1 and L2 processing. Both
word frequency and word predictability effects were more pronounced in participants' L2 than in the L1,
suggesting that both lower level and higher-order processes in reading are sensitive to language profi-
ciency. Further, frequency effects in the L2 were linked with L2 proficiency but not general language
abilities, and L2 predictability effects were not associated with either variable. Finally, readers' frequency
and predictability effects in L1 and L2 were not associated with each other. Taken together, these results
suggest that for different-script bilinguals, efficient reading in the L2 is a highly specific skill, dependent
upon proficiency in that language, and drawing less on L1 and general language ability.
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In today’s increasingly globalized era, foreign language skills are
a key component for participating and succeeding in educational,
social, and professional environments (Commission of the European
Communities [EC], 2003). This is especially true when it comes to
acquiring literacy in English, which is the lingua franca of global
communication (Lee & Fradd, 1998; Lee et al., 2013). However,
acquiring literacy in a nonnative language is different from native
literacy acquisition, and the outcomes are highly variable, even
among individuals who share the same environments and exposure
rates (Bialystok & Hakuta, 1994; Miyake & Friedman, 1998). In the
current study, we examine efficient L2 reading, as reflected in both
lexical access, which is related to lower-level language skills, and
using context to predict upcoming words, which is considered a
higher order skill. Specifically, we ask whether L2 reading efficiency
is best understood as a result of L2 specific linguistic knowledge, or
whether reading efficiency is mostly shared across L1 and L2 and
relies on learners’ general linguistic abilities.
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Reading Efficiency: Word Frequency

Words that appear more often in the written language, meaning
high-frequency words (e.g., star), are recognized more quickly
than low-frequency words (e.g., tent; e.g., Rayner & Duffy, 1986;
Scarborough et al., 1977; for a review, see Brysbaert et al., 2011).
In eye movements studies of adult skilled readers, frequency
effects are evident in fixation durations, number of fixations and
skipping rates (e.g., Gollan et al., 2011; Inhoff & Rayner, 1986;
Just & Carpenter, 1980; Kretzschmar et al., 2015; Rayner &
Duffy, 1986). High frequency words have high-quality mental rep-
resentations, namely accessible knowledge about the form (phono-
logical, morphological, syntactic, and orthographic knowledge)
and meaning of a word (Perfetti, 2007; Perfetti & Hart, 2002) and
thus enjoy easy lexical access (Balota & Chumbley, 1990). Fre-
quency effects have been demonstrated across different native lan-
guages, alphabetic and nonalphabetic (for example, Cop et al.,
2015; Gollan et al., 2011; Li et al., 2014; Liu et al., 2015, 2016;
Pivneva et al., 2014; Rau et al., 2015; Whitford & Titone, 2012),
including Hebrew (Frost, 1994; Koriat, 1984).

Word frequency effects are a signature of lexical access, and their
magnitude (namely the difference in reading measures between low
and high frequency words) reflects reading efficiency. Thus, skilled
readers demonstrate smaller word frequency effects than do less skilled
readers (Ashby et al., 2005) or children who are still acquiring literacy
(Kuperman & Van Dyke, 2013). This relation has also been found
when comparing reading in L1 versus L2, such that word frequency
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effects are larger in the L2 than in the L1 (Cop et al., 2015; Duyck
et al., 2008; Gollan et al., 2011; Mor & Prior, 2020; Whitford &
Titone, 2012, 2017). This negative relation between reading efficiency
and the magnitude of frequency effects can be explained by the loga-
rithmic nature of the function of frequency, and a ceiling effect of ex-
posure (e.g., Monsell, 1991; Morton, 1970). Consequently, as overall
exposure to written language increases in skilled readers, efficiency for
processing high-frequency words stops improving, whereas additional
exposure to low-frequency words leads to continuing improvements in
efficiency.

Reading Efficiency: Word Predictability

Context can play an important role in lexical access, by provid-
ing preliminary semantic and syntactic cues allowing the reader to
predict upcoming words. This high-order process relies on readers'
constructing an online sentence representation and integrating it
with existing knowledge (e.g., Morris, 2006). Word predictability
supports efficient lexical access as evidenced by robust predict-
ability effects, where higher-predictability words are recognized
faster than lower-predictability words (e.g., Brothers & Kuperberg,
2021; Ehrlich & Rayner, 1981; Rayner & Well, 1996), reflected in
fixation durations and skipping rates (e.g., Drieghe et al., 2005;
Ehrlich & Rayner, 1981; Kretzschmar et al., 2015; Rayner et al.,
2004; Rayner & Well, 1996; Staub, 2011). Thus, efficient lexical
access benefits from both bottom-up and top-down processes.
Word predictability effects have mostly been investigated in native
readers of English, but were also replicated in native readers of
other languages and orthographies (e.g., Kliegl et al., 2004; Miel-
let et al., 2007; Rayner et al., 2005). Yet, only a small number of
studies have investigated word predictability effects in bilinguals
reading in the L2 (Gollan et al., 2011; Libben & Titone, 2009).

Similar to the frequency effect, there is some evidence that the
magnitude of the predictability effect is also negatively correlated
with reading proficiency. For example, larger word predictability
effects were found among average relative to highly skilled read-
ers in the native language (Ashby et al., 2005) and in readers with
mild reading deficits attributable to aphasia compared with healthy
skilled readers (Huck et al., 2017). These findings seem perhaps
counterintuitive, because one might suppose that skilled readers
would be more adept at generating expectations for upcoming
words. However, Huck and colleagues (2017) suggest a possible
explanation, derived from the theoretical framework of compensa-
tory processing (Stanovich, 1986), which predicts that readers
who have weaker lexical representations, resulting in lower word
recognition skill, tend to rely more on other sources of knowledge,
such as context, as a compensatory strategy of the cognitive sys-
tem. Along similar lines, it is possible that when online integration
during reading is less efficient, the presence of preliminary seman-
tic cues can be particularly helpful in reducing overall cognitive
effort and supporting comprehension, and thus the difference in
reading times between high- and low-predictability words is
greater. In other words, we suggest that low-skilled readers' lexical
access benefits more both from supporting context and from word
frequency even though the former is a top-down process and the
latter is a bottom-up process.

This line of reasoning would lead to the hypothesis that bilin-
guals will show larger word predictability effects when reading in
their L2 compared with their L1 or compared with monolinguals.

However, the few studies that have investigated this issue have
mostly found comparable effects across languages (Foucart et al.,
2014; Gollan et al., 2011; Whitford & Titone, 2017). Importantly,
the bilingual participants in these studies were highly proficient in
their L2, and most were immersed in an L2 speaking environment
at the time of testing. One interesting exception are the Dutch-Eng-
lish bilinguals tested by Gollan and colleagues (2011), who were
unbalanced (less proficient in English, their L2) and indeed showed
larger predictability effects in the L2 than did readers of the lan-
guage as an L1 (but only when required to perform overt naming).
Thus, it might be that above a certain level of proficiency, pre-
dictability effects in the L2 are stabilized and similar to those
observed in L1, but that differences are detectable in lower profi-
ciency readers. This issue will be investigated in the current study,
by probing word predictability effects among intermediate bilin-
gual speakers, who have lower quality lexical representations (Per-
fetti, 2007) and are less skilled readers in their L2 than in their L1.

Is Reading Efficiency Language Specific?

Not all learners achieve efficient reading in the L2, even after
many years of study (Prior et al., 2020). One important factor to
examine is whether efficient reading in the L2 can recruit underly-
ing skills that support L1 reading efficiency, or whether it is better
understood as mostly language specific. Previous research has
examined several relevant factors.

Specific Language Factors: L2 Proficiency

Second language proficiency, often measured by vocabulary
knowledge, has been linked to reading comprehension (e.g., Qian,
1999) and reading efficiency. Specifically, bilinguals with wider
vocabulary knowledge in the L2 have smaller word frequency
effects in isolated word reading (Brysbaert et al., 2017; Diepen-
daele et al., 2013; Mor & Prior, 2020). However, a possible link
between L2 proficiency and readers’ ability to generate expecta-
tions of upcoming words in a sentence has yet to be directly exam-
ined. This gap is addressed in the current study.

Following the positive relation between vocabulary size and the
quality of lexical representations (e.g., Baayen, 2001) and the
notion that the quality of lexical representations is negatively
related to the size of word predictability effects (Stanovich, 1986),
we hypothesize a negative relation between L2 vocabulary knowl-
edge and the magnitude of L2 word predictability effects. Namely,
readers with smaller vocabulary knowledge will show larger word
predictability effects. However, we acknowledge that it is also the-
oretically possible that readers with very limited vocabulary
knowledge will find it more difficult, or even impossible, to make
use of semantic context in real-time, and would therefore show
smaller word predictability effects when compared with higher-
proficiency second language readers. In other words, at the begin-
ning stages of foreign language learning, there might be a positive
relation between vocabulary knowledge and word predictability
effects. Nevertheless, we suggest that the intermediate L2 popula-
tion tested in the current study most likely have vocabulary knowl-
edge that is sufficient to support ongoing sentence comprehension
and prediction, and therefore that a negative relation between pro-
ficiency and predictability is the more likely outcome. In the cur-
rent study, we also include a measure of L2 reading fluency, to
achieve a fuller characterization of participants’ skills.
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In addition to proficiency, L2 exposure has also been found to
modulate L2 reading and processing (Cop et al., 2015; Diepen-
daele et al., 2013; Duyck et al., 2008; Gollan et al., 2011; Whitford
& Titone, 2012). However, in practice, exposure is difficult to
measure accurately, and often relies on self-reports, which are less
reliable (Tomoschuk et al., 2019). Although some previous studies
do report correlations between self-reported L2 exposure and
objective L2 proficiency for individuals living in bilingual envi-
ronments (e.g., Gilbert et al., 2020), in our own previous research
(Mor & Prior, 2020) we did not find a correlation between self-
reported exposure and objective proficiency in L2. This might be
because the two constructs might be less well aligned under condi-
tions of foreign language study. Moreover, in that study, self-rated
exposure did not relate to reading efficiency of single words.
Therefore, although we describe participants’ self-reported expo-
sure rates, we do not include them in the analyses.

General Language Factors: L1 Ability

There is considerable variation in the language performance of
adults in their native language, again as measured by vocabulary
knowledge. Such variability has recently been linked to education
level as well as to general language aptitude (Dadbrowska, 2018).
Indeed, readers with larger vocabulary knowledge in L1 demon-
strate more efficient reading in that language, as evidenced in
smaller frequency (Brysbaert et al., 2017; Diependaele et al.,
2013) and predictability (Stanovich, 1986) effects.

If indeed L1 proficiency and vocabulary capture individuals'
general language aptitude, such measures might arguably also pre-
dict performance in the L2. This notion relies on the idea of shared
mechanisms supporting L1 and L2 processing. Indeed, in a recent
study by Cop et al. (2015), vocabulary knowledge in the L1 (but,
surprisingly, not in the L2) predicted frequency effects in both lan-
guages of Dutch-English adult bilinguals. However, the typologi-
cal and orthographic similarity between the readers' L1 and L2
make it difficult to clearly disentangle vocabulary knowledge in
the two languages. Specifically, in typologically close languages
there is inevitable overlap in some vocabulary items due to cog-
nates and interlingual homographs (Diependaele et al., 2013;
Lembhdofer et al., 2008), making it difficult to identify unique con-
tributions of L1 proficiency.

In contrast, participants in the current study are bilingual speak-
ers of typologically and orthographically different languages,
allowing us to assume very little overlap between L1 and L2 oral
and written vocabulary knowledge, and to isolate the general lan-
guage aptitude, as reflected in L1 vocabulary knowledge, from
specific L2 knowledge.

L1 Word Frequency and Predictability Effects

The current study goes beyond previous research, by investigat-
ing a possible link between efficient reading processes in the L1
and efficient reading processes in the L2 within the same individual.
These will allow us to ask whether the ability to build high-quality
lexical representations (Perfetti, 2007) and/or use preceding context
to predict upcoming words, might be a characteristic of an individ-
ual, which can then be expressed in the various languages she uses.
Specifically, individuals who more easily construct word represen-
tations, following exposure to a given word, will have smaller word
frequency effects in the L1 than individuals who require a larger

number of exposures to create a durable lexical representation for
low-frequency words. The question we wish to examine here is to
what degree such efficiency might generalize across languages. In
other words, would individuals with smaller frequency effects in L1
also demonstrate smaller effects in the L2? In a previous study we
examined this possibility in a lexical-decision task (Mor & Prior,
2020) and did not find an association between frequency effects in
L1 and L2. In the current study we reexamine this possibility in a
naturalistic reading task, which in contrast to the lexical-decision
task, does not include decision components.

Along similar lines, we investigate the possibility that the ability
to generate expectations for upcoming words might also be shared
across languages of bilinguals. Indeed, this higher-order skill,
which involves top-down processes such as integration, might be
even more likely to reflect a characteristic of the individual and
thus be utilized by both L1 and L2. Such prediction goes beyond
successfully extracting meaning from preceding words but also
requires integrating them with the reader's existing knowledge.
This existing knowledge is in part language specific knowledge of
sentence structures and phrases but is also to a large degree gen-
eral world and semantic knowledge, that is independent of a spe-
cific language. Therefore, we wish to examine whether individuals
with larger predictability effects in L1 also demonstrate larger
effects in the L2, an issue that has not yet been investigated.

Same- Versus Different-Script Bilinguals

Previous studies examining frequency and predictability effects in
bilinguals have almost exclusively examined bilinguals of typologi-
cally similar languages (Dutch-English, French-English, German-
English, Spanish-English) who share a similar writing system that
uses the Roman alphabet (Duyck et al., 2008), whereas many bilin-
guals in the world are speakers of typologically and orthographically
different languages. This issue is of great importance, because in
same-script bilinguals there might be significant links between L1
and L2 which are derived from specific language exposure. This rel-
ative familiarity between the languages affects word recognition in
the L2, due to inevitable overlap in some vocabulary items, such as
cognates and interlingual homographs (Diependaele et al., 2013;
Lembhdofer et al., 2008). Also, similarity between languages in syn-
tactic rules (for a review see Tolentino & Tokowicz, 2011) might
affect high order reading processes, and even ease cognitive load.
Consequently, sharing of underlying skills and similarities in reading
processes might be more evident in same-script bilinguals but will
not necessarily generalize to wider bilingual populations.

Thus, to allow for a better differentiated examination of L2
processing, in the current study we examine bilingual speakers of
typologically different languages that do not share a writing sys-
tem, assuming very little overlap between L1 and L2 oral and writ-
ten knowledge (Mor & Prior, 2020). Specifically, we examine
Hebrew-English bilinguals living in Israel, where English has a
high status, is learned as a mandatory foreign language in a school
setting from the third grade, and is widely present in the environ-
ment (for a review, see Shohamy, 2014). However, recent findings
demonstrate that Israeli adolescents achieve English reading skills
that are comparable with those achieved by native English speak-
ers who are 68 years younger (Prior et al., 2020), a finding which
might be at least partly explained by the typologically and ortho-
graphic distance between English and Hebrew. Hebrew is a
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Figure 1
An Illustration of Distance Between Languages
_—
English: Roses are red
German:  Rosen sind rot
Dutch: Rozen zijn rood
Spanish: Las rosas son rojas
French: Les roses sont rouges
—
Hebrew: DXP)TN D77 DT
Vradim hem adumim

Note. The same sentence translation, written in different languages.
Italics were used to differentiate between the example sentence and the
name of the language.

Semitic language, characterized by a rich morphology, which con-
sists of derivations of mostly tri-consonantal roots, as opposed to
the linear and sequential morphology that characterizes English
(Bick et al., 2011; Frost et al., 1997; Prior & Markus, 2014). Fur-
ther, The Hebrew script is mostly a consonantal system, and is
written from right to left, as opposed to languages that use the
Roman alphabet (see Figure 1).

Most Hebrew sentences have an SVO syntactic structure, but it is
far from obligatory, as it is in English. The rich morphology of He-
brew allows for great flexibility in syntactic structure, but in the cur-
rent study all Hebrew stimuli were SVO sentences. Another
difference between the languages is in adjective placement, which
is postnominal in Hebrew (but prenominal in English). Here is an
example Hebrew sentence with a literal gloss in English (“3” = 3rd
person, “SG” = singular, “M” = masculine, “PST” = past tense,
“F” = feminine):

ha-dayag yaSav betox sira ktana

asuya me-ec

the-fisherman  sit.3sG.m.psT  inside boat small.sG.F made.sG.F

from-wood

“The fisherman sat inside a small boat made of wood’

Although examination of eye movements in Hebrew reading in
and of itself was not a central motivation of the current study, it is
still worth noting that this is the first eye movement study to examine
word frequency and word predictability effects in readers of Hebrew.

As stated above, previous studies have investigated mainly
highly proficient L2 speakers, or balanced bilinguals (Foucart et al.,
2014; Gollan et al., 2011; Whitford & Titone, 2017). Because read-
ing efficiency, and its expression in word frequency and predictabil-
ity effects, might differ across proficiency levels, in the current
study we chose to examine a population of intermediate-advanced
L2 readers, to see how well previous results might generalize. Of
great importance, the current study investigates L1 and L2 reading
within the same reader, whereas most previous studies compared
bilinguals' L2 reading to monolingual native readers of the same

language (e.g., Gollan et al., 2011). This design was chosen so that
we could address the question of skill sharing across languages.

The Current Study

The current study examines whether specific language proficiency
or general language abilities might better capture variance in effi-
cient L.2 reading, as reflected in word frequency and predictability
effects. Reading is measured by tracking the readers' eye movements
during sentence reading. L2 proficiency was measured by a vocabu-
lary test and a single word reading fluency test. General language
ability (as expressed in L1) was indexed by the readers’ L1 vocabu-
lary knowledge and reading fluency, alongside L1 word frequency
effects (as a predictor of L2 frequency effects), and L1 word predict-
ability effects (as a predictor of these effects in the L2).

In contrast to most previous studies, the current study explores
L1 and L2 within the same reader and focuses on intermediate pro-
ficiency different script bilinguals. Thus, the population of the cur-
rent study is unbalanced Hebrew-English bilinguals, who have
been studying the second language for at least nine years and have
reached intermediate proficiency. As noted, the significant impli-
cation of examining bilinguals of two typologically different lan-
guages that do not share a writing system, beyond generalization,
is that it allows a clearer examination of L2 processing, being
highly distinct from the L1.

Hypotheses

Word Frequency Effects. As a baseline, we expect to repli-
cate the well-established findings of word frequency effects in both
languages, with larger effects in the L2. As opposed to most previ-
ous research that used between-participants designs, the current
study examines L1 and L2 effect sizes within the same reader.
Next, we hypothesize a negative relation between L2 proficiency
and the magnitude of L2 word frequency effects, supported by find-
ings from previous research (Cop et al., 2015; Diependacle et al.,
2013; Duyck et al., 2008; Gollan et al., 2011; Monaghan et al.,
2017; Whitford & Titone, 2012). We also wish to examine whether
the pattern of results found in our previous study of single word
reading, within the same population as examined in the current
study, of different-script intermediate L2 speakers (Mor & Prior,
2020) also holds for reading in context. Further, we hypothesize a
possible negative relation between general language abilities and
the magnitude of L2 word frequency effects (found in Cop et al.,
2015), within the same reader, assuming general linguistic mecha-
nisms that underly reading efficiency across languages. This sug-
gestion did not reach significance in our single word study;
however, it is possible that the language abilities captured by L1
proficiency might relate more strongly to L2 frequency effects as
manifest in contextual reading, as in Cop et al. (2015), than in iso-
lated, less natural, single word reading. Finally, following the
assumption regarding general linguistic mechanism, we examine
whether the ability to build high-quality lexical representations
(Perfetti, 2007) might be a characteristic of an individual and there-
fore manifest in a possible relation between frequency effects in L1
and L2, although such a relation did not emerge in our previous
study of single word reading (Mor & Prior, 2020).

Word Predictability Effects. As a baseline, we expect to rep-
licate previous findings of word predictability effects in L1 and L2
reading. We also examine whether reading proficiency modulates
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word predictability effects. Following findings from monolingual
studies, which found larger word predictability effects for less
skilled- than skilled- readers (Ashby et al., 2005; Huck et al.,
2017), we hypothesize larger word predictability effects in L2,
participants' less proficient language, than in their L1. This stems
from the assumption that readers will have a stronger need to rely
on context in L2, as a compensation for weaker lexical representa-
tions (Stanovich, 1986). Previous bilingual studies examining
highly proficient L2 speakers have reported equal effects size across
languages (Foucart et al., 2014; Gollan et al., 2011; Whitford &
Titone, 2012), but we hypothesize that in the currently examined
population of intermediate L2 speakers, such cross-language differ-
ences might emerge. Next, we tentatively hypothesize a possible
negative relation between L2 proficiency and the magnitude of L2
word predictability effects, although the limited research available
on this topic makes it difficult to formulate specific predictions.
However, following the positive relation between exposure/profi-
ciency and reading skill (e.g., Baayen, 2001; Payne et al., 2012)
and the notion that the quality of lexical representations is nega-
tively related to the size of word predictability effect (Stanovich,
1986), we assume the above. Finally, assuming possible general lin-
guistic mechanisms which underlie efficiency across languages, we
also hypothesize that the magnitude of word predictability effects in
L1 and L2 might be correlated.

Method

Participants

Sixty-six university students (41 females; mean age 24.89 [2.9],
range 18-31; mean years of education 13.63 [1.87], range 12-19)
were recruited through advertisements offering payment or course
credit for participating. Data from 9 participants were excluded
due to technical problems resulting in partially lost data, leading to
a final sample of 57 participants.' All participants were unbalanced
Hebrew-English bilinguals, with Hebrew as their native and domi-
nant language (L1), and English as their second language (L2),
learned as a foreign language in a school setting, from third grade.
Participants were not proficient in any other language. All partici-
pants had normal or corrected-to-normal vision (however partici-
pants wearing contact lenses were not recruited), without reported
reading disability, attention disorders, or language impairment. All
participants provided written informed consent. The study was
approved by the Institutional Review Board of the University of
Haifa.

Materials
Language History Questionnaire (LEAP-Q)

A Hebrew translation (Prior & Beznos, 2009) of the Language
Experience and Proficiency Questionnaire was used (LEAP-Q;
Marian et al., 2007; Cronbach’s alpha for L2 = .88, for L1 = .92).
The questionnaire includes questions regarding language expo-
sure, use, and proficiency, in the context of oral and written lan-
guage, and yields scores for Hebrew and English proficiency and
exposure on a 1-10 scale.

Language Proficiency

Language proficiency in each language was assessed using a vo-
cabulary knowledge test and a reading fluency test.

Vocabulary Knowledge Test (Shipley). Two versions of the
vocabulary test, in Hebrew and English (English version: Shipley,
1946; split half internal consistency reported as .87 by Zachary,
1991; Hebrew version: Gilboa, 2008) were administered. The test
consists of 40 multiple-choice questions, presented in writing, in
which participants are asked to choose which of four words is
closest in meaning to a target word, with no time limit. The score
is the number of correct responses.

Reading Fluency Test (TOWRE). An English version and a
Hebrew version of the test of Word Reading Efficiency (TOWRE;
English version: Torgesen et al., 1999; average test—retest reliabil-
ity > .9; Hebrew version: Katzir et al., 2012; Cronbach's o = .95)
were used to measure word reading efficiency in participants' L1
and L2. In each version, the test contains 104 words, ordered in
increasing level of difficulty, arranged in four columns. The partic-
ipant is required to read aloud as many words as possible within
45 seconds. Separate scores were calculated for reading fluency in
Hebrew and English. The Hebrew version presented words with-
out diacritics.

Sentence Reading Tasks (Eye Movements)

Participants performed two sentence reading tasks, one in their L1
(Hebrew) and one in their L2 (English). Each task included 60 target
words, ranging in frequency between 1.55 and 420.61 per million.
Words in the two languages were not translation equivalents of each
other. Each target word was embedded in two different sentences,
one where the target word was highly predictable and the other
where it had low predictability (see Materials description below).
The high-predictability condition was set to prompt the target word,
whereas the low-predictability condition was set as neutral, allowing
the target word as a possible completion, but also many other words.
Each participant was presented with each target word only once, in
either high or low predictability condition. Thus, even though there
were 120 sentences in each language, each participant read only 60
sentences in each language. For counterbalancing purposes, the list
of 60 target words was divided in two parts—high- and low-fre-
quency words—and each subset included an equal number of high-
and low-predictability sentences, such that each participant read an
equal number of sentences in each of the four conditions (15 senten-
ces of high-frequency-high-predictability words, 15 sentences of
high-frequency-low-predictability words, and so on).

Each sentence was presented separately and appeared as one
line on the screen. The target word was always followed by at least

! Following Brysbaert and Stevens (2018), we ran a power analysis for the
current experiment using a utility developed by Westfall et al. (2014; https:/
jakewestfall.shinyapps.io/two_factor_power/), which took into account the
number of participants and stimuli as random factors. Because we do not have
reliable estimates from previous research regarding the expected effect sizes
for some of the variables investigated in the current study, we chose
conservatively small effect sizes for the power analysis. For effect sizes of 0.3
the original sample of 66 participants yielded a power estimate of 0.86, and
the final sample of 57 participants yielded a power estimate of 0.823. For a
slightly larger, although still small, effect size of 0.4 the power estimates are
0.98 and 0.97, respectively. These estimates demonstrate that the current
design was adequately powered.


https://jakewestfall.shinyapps.io/two_factor_power/
https://jakewestfall.shinyapps.io/two_factor_power/
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two words before the sentence end, since sentence-final words
might be subjected to biased reading patterns (Raney et al., 2014).

Target Words. English target words were taken from the
stimuli in Gollan et al. (2011), which originally included 90 nouns
as target words, half high-frequency and half low-frequency, based
on a standard frequency corpus (7ime Magazine Corpus; Davies,
2007). This corpus includes 100 million tokens taken from written
magazine text. To adapt the stimulus set to the current study popu-
lation, we eliminated Hebrew-English cognates from the list and
pretested the remaining list in a lexical-decision task to make sure
that participants, who are L2 English speakers, were indeed famil-
iar with the experimental items. This pretest lexical-decision task
was completed by 18 undergraduates from the University of Haifa
(who did not participate in the main experiment, nor in the other
pretest and norming tasks, see below). Only words that were cor-
rectly identified by at least 80% of participants were retained.

The Hebrew target words were not translation equivalents of the
English target words, but they were selected to match the English
nouns by semantic categories. The nouns in the two languages
were also matched in terms of frequency (and length, see below).
Frequency counts for the Hebrew nouns were based on the
heTenTen 2014 corpus via Sketch Engine (Kilgarriff et al., 2004).
This corpus includes 890 million words extracted from the Inter-
net. The Hebrew nouns were also matched to the English list in
length in phonemes (see Table 1 for target words characteristics),
but not length in letters, because most vowel letters are omitted in
the written form of Hebrew. Because length in letters has an influ-
ence on word recognition reaction time (RT; e.g., New et al.,
2006), this factor was treated as a control variable in all analyses.

Sentences. The English Sentences for the high- and low- pre-
dictability conditions were also taken from Gollan et al. (2011),
who determined predictability in two rounds of a cloze task, each
with a sample of 20 American university students. The Hebrew sen-
tences were not translations of the English sentences and were cre-
ated for the current study by constructing two sentences to each
target word, one each for the high- and low- predictability condi-
tions. Word predictability norms in Hebrew were established using
a cloze task in two samples (two rounds) of 20 undergraduates from
the University of Haifa, who did not participate in the target words
pretest nor in the main experiment. Participants were presented
with the beginning of each sentence up to the target word and asked
to complete the sentence with the very first word that comes to their
mind. Sentences that did not meet criterion (target produced by at

least 60% of the participant in the high-predictability condition, and
by no more than 30% of the participants in the low predictability
condition) in the first round, were rewritten and retested in the sec-
ond round.

These pretest participants, who completed the Hebrew sentence
norming test, also performed a cloze test on all sentences from the
original Gollan et al. (2011) study, for two purposes: First, to
gauge the degree to which Israeli participants were able to achieve
basic understanding of the English materials; second, to ascertain
that the cloze probabilities of the target items within this new pop-
ulation were comparable to those reported from native English
speakers in the original study. In line with the first goal, only sen-
tences that were completed by at least 50% or pretest participants
with a plausible word (even if it was not the intended target word)
were retained in the stimulus list. With regard to the second goal,
results showed that the targets retained differences in predictabil-
ity, as reported by Gollan and colleagues (2011), but the actual
cloze probabilities themselves were not all identical. Specifically,
the cloze probability of target words in the low predictability con-
dition collected from the Hebrew-English bilinguals was compara-
ble with those collected from native English monolinguals.
However, the cloze probability of target words in the high-predict-
ability condition collected in the current pretest from bilinguals
was lower than those completed by native speakers in Gollan et al.
(2011; 66.4% and 89.9%, respectively). This difference is
expected and reflects the fact that the participants in the current
study were of intermediate proficiency. Importantly, because the
low-predictability condition maintained low values, there was still
a robust difference in predictability across conditions (see Table 2
for examples of sentences in the different conditions). In all the
analyses, the percent of participants who responded with the target
word given the preceding sentence context (cloze probability) was
entered into the models as the predictability value of that word.

Task Procedure. In each trial of the sentence reading task, a
fixation point appeared on the screen, in the location where the first
letter of the upcoming sentence would later appear. After the partic-
ipant pressed a button, and only while her eye fixated on the fixa-
tion point, the sentence appeared on the screen, and remained on
the screen until the participant fixated on a square at the bottom of
the screen, below the end of the sentence. Participants were
instructed to read silently to comprehend. The sentences were pre-
sented in a random order, and 20% of the sentences (also randomly)
were followed by a yes/no comprehension question, requiring the

Table 1
Target Word and Sentence Characteristics in L1 (Hebrew) and L2 (English)
Target frequency Target length Target length Sentence length Target predictability —  Target predictability —
per million in phonemes in letters® in words® high condition low condition
Measure  Hebrew  English  Hebrew  English  Hebrew  English  Hebrew  English Hebrew English Hebrew English
M 49.91 49.65 4.7 4.38 3.92 522 9.58 12.9 91.33 89.92 2 3.08
SD 76.92 72.55 1.18 1.09 .89 98 2.5 2.55 11.71 11.41 6.32 59
Max 409.8 420.61 8 9 6 9 17 18 100 100 30 20
Min 2 1.55 3 3 2 4 5 7 60 50 0 0
Note. Frequency counts for the English target words were taken from Gollan et al. (2011), based on time Magazine Corpus (Davies, 2007). Frequency

counts for the Hebrew target words were based on the heTenTen 2014 corpus via Sketch Engine (Kilgarriff et al., 2004). M = means; SD = standard devia-

tions; Max = maximum; Min = minimum.

* Means of L1 and L2 target word length in letters and sentence length are significantly different, p < .001.
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Table 2
Examples of Sentences in Different Predictability Conditions Across Languages
Measure Hebrew English
High NNOX "NX ,"NTY1N 01 12D She read the story of Goldilocks and

Predictability

'r'ﬂpw oyoul nAwy.

the three bears to her daughter.

English literal translation: For my birthday,
my mother baked a cake chocolate flavor.
Low NSNN N09IPN N2

Predictability

T2P1w DyLa Y.
English literal translation: In the box, you will find
a cake chocolate flavor.

She was frightened that she would run
into some bears but she was safe.

Note.
target word in the sentence.

participants to respond by button press. These questions were
included to make sure that participants remained engaged in the
task (see Gollan et al., 2011). Six practice items preceded the exper-
imental list.

Apparatus

Eye movements were recorded using a SR Research EyeLink
1000 eye tracker, tower-mounted to reduce head movements. Par-
ticipants were seated 55 cm from a 24-in. LCD monitor (Benq
XL2411) with 1,024 X 768 pixel resolution and a refresh rate of
60 Hz. Text was presented in black on a white background, in
14-point Courier New font, with an average of 3 letters equaling
1° of visual angle. Reading was binocular, but eye movements
were recorded from the right eye. The testing room was dimly lit.

Procedure

Participants were tested individually in a single session lasting one
hour. Participants first completed the sentence reading tasks in both
languages, order counterbalanced across participants. Next, partici-
pants were tested in the reading fluency tests (TOWRE) and the
vocabulary knowledge test (Shipley). Finally, participants com-
pleted the language proficiency and exposure questionnaire (LEAP-
Q). Participants were offered breaks between tasks.

Results

Participant characteristics are presented in Table 3. As expected,
there were significant differences between participants’ L1 and L2

Table 3

Each experimental sentence was presented separately and appeared on the screen as one line. Italics signify the literal translation; bold signifies the

abilities, indicating higher exposure and proficiency scores for He-
brew (L1) than for English (L2; first order correlations between
these variables are presented in Table A1, in the Appendix).

Comprehension during sentence reading was highly accurate in
both languages (96% in Hebrew, 86% in English), but accuracy
rates still reflected differences in proficiency between L1 and L2.
Performance was analyzed using linear mixed-effects (LME) mod-
els (Baayen et al., 2008) in R (R Core Team, 2018), with the Ime4
library (Version 1.1-7, Bates et al., 2015). LME models are pre-
ferred in the current design over Analyses of Variance, because
they are less vulnerable to missing data points, and also retain full
information of performance, without the need for averaging across
items or participants (Baayen et al., 2008). Plots were created
using the ggplot2 package (Version 2.3.00; Wickham, 2016). The
p values were derived using Satterthwaite approximations of
degrees of freedom in the ImerTest function, an approach found to
produce acceptable type I error rates (Luke, 2017).

Eye Movement Measures

Reading performance was analyzed for the target words embed-
ded within the sentences. Fixations shorter than 80 ms were
excluded from analyses or merged with a longer fixation if they
were located within 10 pixels or less from the longer fixation
(4.8% of all data points; e.g., Fitzsimmons & Drieghe, 2013; Her-
mena et al., 2019). Eye movement measures were calculated using
the Get Reading Measures application available through SR
Research. The analyses include four typical standard eye move-
ments measure in reading research (e.g., Cop et al., 2015; Gollan

Participant Characteristics: Means (Standard Deviations) and Ranges

Characteristic

Hebrew English

Age of language acquisition
Reading fluency®

Vocabulary knowledge®

Self-rated language exposure®
Self-rated oral language proficiency®

82.14 (10.16), 60-99
70.8 (14.73), 35-92.5
8.44 (1.23), 6-10
9.52(0.61), 8-10

8.42 (1.78), 3-16
73.61 (9.86), 50-99
49.42 (10.95), 27.5-75

5.08 (1.73), .1.4-8.6

6.88 (1.16), 3.5-9.5

Note.

Reading fluency = % of words correctly read in 45 seconds (Word Reading Efficiency [TOWRE]); Self-rated oral lan-

guage proficiency = an average score of two measures: oral language comprehension and production, on a 1-10 scale
(Language Experience and Proficiency Questionnaire [LEAP-Q]); Vocabulary knowledge = % correct (Shipley test); Self-rated
language exposure = an average score of five measures: current exposure to Audio, TV, reading, family setting, and social set-

ting, on a 1-10 scale (LEAP-Q).
# Means of L1 and L2 are significantly different, p < .001.
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et al., 2011; for a review, see Rayner, 2009) and a fifth alternative
measure. The four typical measures were first fixation duration
(the duration of the first fixation on the target word, in first pass
reading), gaze duration (the sum of all fixation durations on the
target word, in first pass reading), fotal reading time (the sum of
all fixations durations on the target word in a given trial), and Skip-
ping rate (the probability that the target word was skipped). First
fixation duration, gaze duration, and skipping rate are considered
as early-stage measures of lexical access, whereas total reading
time represents late-stage measures of higher-order reading proc-
esses (Rayner, 2009). Several previous studies have also used al-
ternative measures to account for trade-offs between skipping rate
and reading times in early-stage measures, and thus to allow a full
appreciation of reading performance (e.g., Gollan et al., 2011;
Rayner et al., 2011). These studies included skipped words into
the averaging of gaze durations, with a fixation value zero. In the
current study, the trade-off between skipping rate and reading
times was especially prominent in early-stage measures in He-
brew. As a first step, we calculated the alternative gaze duration
measure, following previous research, but analyses using this mea-
sure did not differ from those of the standard gaze duration mea-
sure. We therefore created an alternative first fixation duration, by
including skipped words as having a first fixation duration of zero.
In this alternative measure we found a significant L1 word fre-
quency effect, which was important for predicting individual dif-
ferences (see models' description below). Therefore, we chose to
include the alternative measure of first fixation durations.

The Effects of Word Frequency and Word Predictability
in L1 and L2

Model Descriptions

Similar LME models were applied to all fixation duration meas-
ures. The models included the following fixed factors: language
(Hebrew, English; a categorical factor with English set as the ref-
erence), word frequency (a continuous factor, log transformed to
normalize the distribution and centered), word predictability (con-
tinuous), and word length in letters as a control variable (continu-
ous). The model also included interactions between language,
word frequency and word predictability. The model included ran-
dom effect terms, to capture variance associated with specific par-
ticipants (e.g., overall reading speed) or items, beyond that
associated with the investigated factors. The random effect struc-
ture included intercepts by items and by participants and random
slopes of language by participant (e.g., Friesen et al., 2020). For
skipping rate, we applied a binomial model, but an interactive
model similar to the model described above failed to converge,
hence we constructed an additive model, with the fixed factors of
language (Hebrew, English, categorical), word frequency (contin-
uous), word predictability (continuous), and word length in letters
(continuous). The random effect structure included intercepts by
item and by participant.

The analyses of the interactive models yielded significant inter-
actions with language (as will be detailed below). Thus, we also
computed separate models for each language, namely, a model
including only L1 words and another including only L2 words,
with the fixed factors of word frequency (continuous), word pre-
dictability (continuous), and word length in letters as a control

variable (continuous). The random effect structure included inter-
cepts by items and by participants and random slopes of word fre-
quency by participant. The models predicting skipping rates
separately in L1 and L2 failed to converge with the full random
structure and therefore included only intercepts for participants
and items. The importance of adding word length in letters to all
models as a control variable stems from the difference in length
between L1 and L2 words (Hebrew words are shorter than English
words) and from the fact that this variable has a strong influence
on eye-movement measures. Compared with shorter words, longer
words receive longer reading durations and are skipped less often
(for a review, see Rayner, 2009).

Language

Across all reading time measures (first fixation duration, gaze
duration, total reading time, and alternative first fixation duration),
reading in L2 was slower than in L1, a main effect of language
(see Table 4 for effect sizes, standard errors, and 7 values).

Word Frequency

Reading times (across all measures, first fixation duration, gaze
duration, total reading time, skipping rates, and alternative first fix-
ation duration) were slower and skipping rates were lower for
lower-frequency than for high-frequency words, a significant main
effect of word frequency (see Table 4). These frequency effects
were more pronounced for L2 than for L1, as shown by a signifi-
cant interaction between language and word frequency (even after
controlling for word length) for first fixation duration, gaze dura-
tion, and total reading time. The single-language models (see
Table 5 for L1 and Table 6 for L.2) revealed that the effect of word
frequency was significant in the L2 for all measures (first fixation
duration, gaze duration, total reading time, skipping rates, and
alternative first fixation duration; see Figure 2 for total reading
times), but in the L1 only for skipping rates and alternative first
fixation duration.

Word Predictability

Less predictable words were read more slowly than more predict-
able words, but this was evident on in a significant main effect of
word predictability for total reading time, (see Table 4). For this
same measure, we also found that predictability effects were more
pronounced in the L2 than in the L1, as evidenced by a significant
interaction between language and word predictability (see Figure 3).
The single-language models indicated that the effects of word pre-
dictability in total reading times were significant in both languages.

There was also a significant three-way interaction between lan-
guage, word frequency, and word predictability for gaze duration
and total reading time. The single language models revealed sig-
nificant frequency-predictability interactions in L1 for skipping
rates and alternative first fixation duration, and in L2 for total read-
ing time and alternative first fixation duration, due to longer read-
ing times/lower skipping rates for words that are of lower-
frequency and are less predictable.

Finally, averages for fixation durations and skipping rates across
conditions are presented in Table 7. Word frequency and word
predictability were treated as continuous variables in the analyses
presented above, but here we offer a categorical presentation for
ease of interpretation.
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Figure 2
Word Frequency Effects in Participants' L1 and L2 Total Reading
Times

700-

600-

0
E
L
g 500 Language
g —
] —H&
@ 400~
©
°
=

300-

200~

10 05 00 05 10
Word frequency (log)
Note. Word frequency (log-transformed and centered) ranges from lower

(—1) to higher (1). Shaded areas represent the 95% confidence intervals.
See the online article for the color version of this figure.

Modulation of L2 Reading Efficiency
Model Description — L2 Word Frequency

To analyze whether L2 frequency effects are language specific
or recruit general language skills, we ran an LME model to pre-
dict reading of L2 target words within sentences. Similar models
were applied to all fixation duration measures, which yielded a
significant word frequency effect in L2 as in the previous analy-
ses. We examined the possible predictive role of the following
fixed factors (all continuous): L2 proficiency, L1 proficiency,
and the participant's sensitivity to frequency in L1. Participants'
language proficiency scores, in each language, were derived
from the vocabulary knowledge test and reading fluency test and
were computed by applying a principal component analysis to
the tests, resulting in a single score for each participant in each
language. To assess each participant's sensitivity to frequency in
L1, we calculated the first-order correlation between word fre-
quency and alternative first fixation durations in L1 for each indi-
vidual participant. In this measure, lower values represent lower
sensitivity to L1 word frequency, and higher values represent
higher sensitivity. The correlation value for each participant was
then entered into the model. We chose to use the alternative first
fixation duration, because this was the only measure where sig-
nificant L1 word frequency effects were apparent in the former
analyses. Because we were interested in whether the investigated
variables might modulate the word frequency effects across
participants, the effects of interest in the current model were
possible interactions between each predictor variable and word
frequency in the L2. Word predictability and word length were
included as control variables. The random effect structure
included intercepts by item and by participant (fuller random
structures failed to converge).

L2 Word Frequency Effects

Effect sizes, standard errors, and ¢ values for reading measures
are presented in Table 8. Participants with higher L2 proficiency
had shorter reading times across all reading time measures (first
fixation duration, gaze duration, total reading time, and alternative
first fixation duration), a significant main effect of L2 proficiency.
Further, participants with higher L2 proficiency demonstrated
smaller L2 frequency effects, namely significant interactions
between L2 proficiency and word frequency in first fixation dura-
tion, gaze duration, and total reading time (see Figure 4) but not in
alternative first fixation duration. The main effects of L1 profi-
ciency and of sensitivity to frequency in the L1 were not signifi-
cant, and they did not interact significantly with L2 word
frequency in the analyses of gaze duration, total reading time,
skipping rates, and alternative first fixation duration. The interac-
tion between L1 proficiency and L2 word frequency was signifi-
cant only in the analysis of first-fixation duration, such that
participants with higher L1 proficiency demonstrated larger L2
frequency effects. Because this effect was only evident in a single
reading measure, we are hesitant to offer any interpretation of it
before it can be replicated in future studies. See Table A2 in the
Appendix for correlation matrix of the predictor variables.

Model Description — L2 Word Predictability

To examine whether L2 proficiency or general language ability
might modulate predictability effects in the L2, we ran an LME
model which was similar to the one constructed to examine possible
predictors of frequency effects in the L2, as detailed above, with
three changes: First, instead of participants' sensitivity to frequency
in L1, here we assessed each individual participant's sensitivity to
word predictability in L1, by calculating the first order correlation
between word predictability and total reading time in L1. Here as
well, lower values represent lower sensitivity to .1 word predict-
ability, and higher values represent higher sensitivity. We based our

Figure 3
Word Predictability Effects in Participants' L1 and L2 Total
Reading Times
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Table 7

A Categorical Presentation of Word Frequency and Word Predictability Performance Across All Eye Movements Measures, During L1
(Hebrew) and L2 (English) Sentence Reading: Means (Standard Errors)

Hebrew English
Measure
Low frequency High frequency Low frequency High frequency

First fixation durations (ms)

Low predictability 218 (10) 215 (9) 284 (15) 255 (13)

High predictability 212 (9) 215 (9) 280 (15) 259 (12)
Gaze durations (ms)

Low predictability 247 (13) 248 (14) 427 (33) 351 (23)

High predictability 252 (15) 243 (13) 419 (35) 344 (24)
Total reading times (ms)

Low predictability 300 (22) 300 (24) 598 (56) 436 (36)

High predictability 299 (22) 278 (19) 540 (57) 415 (38)
Skipping rates (%)

Low predictability 15 (5) 24 (6) 2(2) 3(2)

High predictability 16 (5) 19 (5) 2(2) 3(2)
Alternative first fixation durations (ms)

Low predictability 186 (14) 163 (14) 279 (15) 248 (14)

High predictability 178 (13) 173 (14) 273 (16) 251 (14)

Note.

Word frequency and word predictability are treated as continuous variables in the current study; however, here we offer a categorical presentation

of the data for the ease of interpretation. For this purpose, target words list was halved to high- and low-frequency levels, in each language. Differentiation
between high and low word predictability levels was set in the preliminary norming study.

calculation on total reading times because this was the only measure
that revealed a significant main effect for predictability in L1 in the
first stage of analysis.

Second, the effects of interest were possible interactions between
each predictor and L2 word predictability. Finally, word frequency
was included as a control variable. We ran the model for partici-
pants' total reading time, which was the only eye movement mea-
sure revealing a significant main effect for predictability in L2.

L2 Word Predictability Effects

Effect sizes, standard errors, and ¢ values for gaze durations are
presented in Table 9. Here again, participants with higher L2 profi-
ciency had faster reading times, a significant main effect of L2 profi-
ciency. However, the interaction between L2 proficiency and word
predictability was not significant. The main effects of L1 proficiency
and sensitivity to predictability in L1 were not significant, nor were
the interactions between word predictability and all other variables.

Discussion

In the current study, we examined whether L2 reading efficiency
in different script bilinguals can be better understood as a language
specific skill, or whether it also recruits general language abilities,
that are shared with L1. Specifically, we examined L2 lexical access
through the manifestation of word frequency effects, and readers'
ability to generate expectations for the upcoming word, a higher-
order reading process which affects lexical access, through word
predictability effects in sentence reading. We chose to investigate
this issue in a population of unbalanced Hebrew—English bilinguals,
who speak typologically different languages that do not share a
writing system, to examine how well patterns previously reported
for bilingual speakers of closely related languages might generalize.
The first and main finding demonstrated that only language specific
vocabulary knowledge modulated the efficiency of L2 lexical
access, as will be discussed in detail below. In addition, the current
findings support the notion that the magnitude of word frequency

effects is a marker of efficient word reading, whereas the magnitude
of word predictability effects might be a marker of higher order
reading efficiency. However, whereas the magnitude of word fre-
quency effects is discriminative even between high levels of lan-
guage proficiency, the word predictability effect seems less
sensitive to differences in proficiency at the higher end of the scale.

Lexical Access in L1 and L2

Replicating previous studies (e.g., Duyck et al., 2008; Gollan
et al., 2011; Whitford & Titone, 2017), we found significant word
frequency effects in both L1 and L2, which were larger in the lat-
ter. Word frequency effects interacted with language proficiency
also within the same language, as participants with larger vocabu-
lary knowledge in the L2 had smaller L2 frequency effects. Taken
together, these findings support the notion that the magnitude of
word frequency effects is a marker of reading efficiency, which is
highly associated with language use and proficiency, as predicted by
the frequency-lag hypothesis (Gollan et al., 2011) and suggested by
the lexical entrenchment approach (Brysbaert et al., 2017; Diepen-
daele et al., 2013). The frequency-lag hypothesis addresses the difter-
ence in the amount of language exposure and use between bilinguals
and monolinguals, claiming that larger frequency effects for bilin-
guals are a result of the fact that they use each language only part of
the time. Bilinguals, then, have less exposure to word forms in each
language compared with monolinguals, leading to less efficient lexi-
cal retrieval, especially for low-frequency words, and thus resulting
in larger word frequency effects for bilinguals (Gollan et al., 2011).
The lexical entrenchment theory (Brysbaert et al., 2017; Diependaele
et al., 2013) focuses on the difference in language exposure and use
between native/dominant and nonnative/nondominant languages, as
in the case with unbalanced bilinguals. Relatively lower language ex-
posure for non-native language leads to lower lexical accessibility,
and eventually to larger word frequency effects, compared with the
native language. Namely, both approaches indicate the amount of
language exposure and experience as the explanatory factor for larger
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word frequency effects in bilinguals' L2, whether it is compared with
monolinguals or bilinguals' L1.

The current study also revealed an unexpected finding. Whereas
L2 word frequency effects were evident in both early and late stages
of lexical access, L1 word frequency effects were identified only in
an early stage of lexical access, namely in skipping rates and alterna-
tive fixation duration (which is a measure which also accounts for
skipping). This finding is surprising, because many previous studies
of highly proficient adults reading in their native language, have
reported robust frequency effects in both early and late stages of lexi-
cal access (e.g., Ashby et al., 2005; Jared et al., 1999). Further, in
our own previous work we found robust frequency effects in Hebrew
(L1) for a mostly overlapping stimulus set and a comparable sample
size, using a lexical-decision task (Mor & Prior, 2020).

It is possible that the L1 pattern found in the current study is
related to the specific orthographic characteristics of Hebrew, which
is more densely packed than English. This feature of the Hebrew
writing system might facilitate the extraction of information from the
parafovea, namely before the reader's eye is fixated on the target
word (Deutsch et al., 2003), and thus allow higher skipping rates
when reading in Hebrew. Although an earlier study suggested that
the difference between readers of Hebrew and English is reflected in
shorter saccades and not in fixation durations (Pollatsek et al., 1981),
the current results showed relatively, though not extremely, high
skipping rates in the L1. There is some variability in the reported
skipping rates of content words in the literature. Rayner (2009) states
that the expected skipping rate is about 15% of content words. Whit-
ford and Titone (2014) also reported skipping rates of 15% for high-
frequency words but only 5% for low-frequency words, for monolin-
guals reading in English. However, Gollan et al. (2011) reported
somewhat higher skipping rates, 19.7% for high-frequency words
and 17.7% for low-frequency words. The current skipping rates in
L1 reading are again on the high side for both high frequency
(21.77%) and low frequency (15.61%) words. It is important to note
that our participants demonstrated relatively low skipping rates in
English (2.87% for high-frequency words and 1.99% for low-fre-
quency words), which is expected and reflects their intermediate pro-
ficiency in the L2. This also suggests that the high skipping rate
observed in Hebrew is not a result of lost data points or other experi-
mental error, but rather reflects participants' natural behavior.
Because the current study is the first to use eye movement measures
to investigate word frequency effects in Hebrew, this issue should be
further investigated.

The Ability to Generate Expectations in .1 and L2

The intermediate-advanced L2 speakers tested in the current
study were able to efficiently use preceding context to predict
upcoming words in both their L1 and L2. This finding of a stable
word predictability effect, in Hebrew-English bilinguals, adds to a
small number of studies of fairly highly proficient L2 speakers
who showed word predictability effects in the L2 (Foucart et al.,
2014; Gollan et al., 2011; Libben & Titone, 2009; Martin et al.,
2013; Whitford & Titone, 2017). Our finding demonstrates that
even less skilled L2 readers can use context to facilitate word
reading fairly efficiently.

These previous studies demonstrated comparable word predict-
ability effects in the two languages of same-script bilinguals, and
thus concluded that the ability to efficiently use preceding context to
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Figure 4

Second Language (L2) Frequency Effects by L2 Proficiency in Participants’
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predict upcoming words is language-invariant (Whitford & Titone,
2017; see also Foucart et al., 2014; Gollan et al., 2011). In contrast,
participants in the current study demonstrated larger word predict-
ability effects in their L2 compared with their L1. We suggest that
the theoretical framework of compensatory processing (Stanovich,
1986) might offer an explanation for the variability in findings across
studies, by focusing on reading skill as a key factor. Specifically, less
skilled L2 readers might rely more strongly on contextual cues, as a

way of enlisting available supporting resource to reduce effort, which
is a compensatory cognitive mechanism. Namely, when the overall
reading process is less efficient, syntactic and semantic cues might
be more useful, resulting in stronger predictability effects. This pat-
tern has been reported in L1 readers, in studies that compared aver-
age and highly skilled readers (Ashby et al., 2005) and readers with
mild aphasia with healthy readers (Huck et al., 2017). As described
above, the bilingual populations investigated in previous studies

Table 9
Predicting Participants' L2 Word Predictability Effects in Total Reading Times
Fixed effects b SE t
(intercept) 407.21 115.65 3.52%%*
L2 word predictability —45 12 —3.79%%%
L2 proficiency —137.21 26.97 —5.097%#%
L1 proficiency 3.14 27.11 12
L1 sensitivity to predictability —163.84 142.37 —1.15
L2 Word Predictability X L2 Proficiency 22 .16 1.33
L2 Word Predictability X L1 Proficiency .14 .16 .85
L2 Word Predictability X L1 Sensitivity to Predictability -.27 .86 -.31
Control variable
L2 word frequency —126.72 29.25 —4.33%%%
L2 word length in letters 19.33 20.95 92
Random effects Variance SD
Word (intercept) 10,364.68 101.81
Participant (intercept) 17,972.02 134.06

Note. b = effect sizes; SE = standard errors; t = ¢ values.
wEE p <001,
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were mostly highly proficient in their L2, some were immersed in
the L2 at the time of testing, in addition to sharing similar writing
systems. Thus, they might have been sufficiently efficient readers in
L2 (even if not fully equal to L1) that the magnitude of word predict-
ability effect was no longer discriminative. In contrast, the bilinguals
in the current study were intermediate proficiency readers of the L2,
studied as a foreign language.

Finally, it should be noted that the predictability effects in the
current study were evident only in a late-stage measure of lexical
access, total reading time, a pattern that was stable across both lan-
guages. This finding aligns well with the theoretical characteriza-
tion of late-stage eye movement measures as reflecting higher order
processes, such as syntactic and semantic integration and generating
expectations for upcoming words. However, this pattern of results
is inconsistent with some previous studies, which reported word
predictability effects in both early- and late- stage measures, among
monolingual (e.g., Drieghe et al., 2005; Ehrlich & Rayner, 1981;
Kretzschmar et al., 2015; Rayner et al., 2004; Rayner & Well,
1996; Staub, 2011) and bilingual readers (e.g., Gollan et al., 2011;
Whitford & Titone, 2017). A possible explanation for the pattern of
our results is offered following Kliegl et al. (2004), who studied
monolingual readers, and found word predictability effects for both
early- and late- stage measures, but the effects were more pro-
nounced in late stage measures. Specifically, the effect of word pre-
dictability was larger on total reading time than on gaze duration, a
difference that reflects the additional time the readers spent refixat-
ing low-predictability words compared with high-predictability
words. Thus, it is possible that whereas in previous studies predict-
ability effects were evident in first and second pass reading and
were more pronounced in the latter, in the current study they were
significant only in second pass reading but failed to reach signifi-
cance in earlier measures.

Lexical Access and the Ability to Generate Expectations:
A Possible Interaction?

In the current study we also found a frequency-predictability
interaction, although most previous studies indicated that the effects
of word predictability and of word frequency do not interact but are
rather additive. Some have suggested that the few studies reporting a
significant interaction should be understood as sporadic findings,
which may have originated in bias (Staub, 2015). In the current
study, we found larger word frequency effects for low-predictability
words than for high-predictability words, but this was manifested
differently across language. In L1 reading, the interaction was evi-
dent only in an early stage of lexical access that accounts for skip-
ping (skipping rates and alternative first fixation durations), aligning
with the findings from Gollan et al. (2011). This leads us to cau-
tiously suggest that rather than a bias (Staub, 2015), this finding
may indicate a valid pattern. However, it is clear that this issue war-
rants further investigation. In contrast to the L1, findings from the
L2 revealed significant interactions in both early- and late- stage
measures of lexical access (alternative first fixation durations and
total reading times), a pattern that may arguably align with the
results from Huck et al. (2017), who found a trend of frequency-pre-
dictability interaction in readers with mild reading deficits, but not
in their control group of skilled readers. Specifically, the significant
interaction in that study indicated larger word predictability effects
for low frequency words than for high-frequency words. The authors

explained their findings using the framework of compensatory proc-
essing (Stanovich, 1986), which we suggest can also explain the cur-
rent findings, because it predicts that readers with weaker lexical
representations tend to rely more on sources other than the ortho-
graphic input, such as context, as a compensatory strategy. In the
current study as well, predictability effects in L2 were stronger for
low-frequency than for high-frequency items, suggesting recruitment
of contextual information to compensate for lower quality lexical
representations.

Modulators of L2 Lexical Access
Language Specific Factors

Results showed that L2 proficiency proved to be important for
understanding variability in L2 lexical access; frequency effects in
L2 word recognition among readers with lower L2 proficiency were
larger compared with readers with higher L2 skills. This finding
aligns well with relatively recent studies reporting larger vocabulary
knowledge or exposure to be associated with smaller L2 frequency
effects, both in single word (Brysbaert et al., 2017; Diependaele et
al., 2013; Mor & Prior, 2020) and contextual reading times (Whit-
ford & Titone, 2012). The current results reinforce and support this
pattern and demonstrate that L2 proficiency modulates frequency
effects in both early and late stages of lexical access.

These results align with the theoretical suggestions made by
both the frequency-lag hypothesis (Gollan et al., 2011) and the
lexical entrenchment approach (Brysbaert et al., 2017; Diepen-
daele et al., 2013), which emphasize the importance of specific
language use in establishing lexical representations, expressed in
the magnitude of word frequency effects. Our findings, therefore,
reinforce the notion that lower proficiency, but not cross language
competition, is most likely the reason for increased L2 frequency
effects in general.

General Language Abilities

In addition to examining the role of L2 proficiency in support-
ing efficient reading, the current study also examined whether effi-
cient L2 reading is associated with general language abilities, as
reflected in L1 proficiency and L1 frequency effects.

L1 proficiency. Participants' proficiency in their native lan-
guage is assumed to reflect their general language aptitude. A previ-
ous study examining Dutch-English bilinguals reported L1
vocabulary knowledge as a significant predictor of L2 frequency
effects in eye-movements (Cop et al., 2015), but the current study
examining Hebrew-English bilinguals does not replicate this find-
ing. This divergence across studies might be explained by the spe-
cific bilingual population tested in each of the studies. Whereas the
current study examined bilingual speakers of two typologically and
orthographically distant languages, Cop et al. (2015) tested speakers
of typologically similar languages, which share an alphabet and
have unavoidable overlap in some vocabulary items (Diependaele
et al., 2013; Lembhofer et al., 2008; Schepens et al., 2012). Under
these circumstances, knowledge of L1 Dutch can play a stronger
role in predicting performance of L2 English than knowledge of L1
Hebrew can (see similar results in Mor & Prior, 2020). Therefore,
future research should further investigate the possible contribution
of general language abilities, as reflected in L1 vocabulary knowl-
edge, to the quality of L2 lexical representations. The current results
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also stress the importance of examining bilinguals of diverse pro-
files especially in regard to typological distance and overlap of
orthographic systems or lack thereof, when investigating common-
alities in processing across languages (as also recently suggested by
Jiang, 2018; Mishra, 2019; Van Heuven & Wen, 2019).

L1 Lexical Representations. In the current study we
hypothesized that the magnitude of L1 frequency effects, as a mea-
sure of readers' general ability to create high-quality lexical repre-
sentations (Perfetti, 2007), might explain variance in L2 frequency
effects, but this was not borne out by the data. Specifically, indi-
vidual participants’ correlation between word frequency and fixa-
tion durations in L1 did not interact significantly with word
frequency in predicting reading times of L2 words. In other words,
participants who were less sensitive to word frequency in L1, were
not necessarily less sensitive to word frequency in L2. This pattern
replicates findings from a previous study of isolated word reading
(Mor & Prior, 2020).

Although null effects can only be interpreted with some cau-
tion, the current results suggest that the mechanisms supporting
the creation of lexical representations in L1 and L2 might only
partially overlap with each other. Further, the relation between
frequency effects in L1 and L2 may depend on typological and
orthographic similarity between the languages, as suggested
above for the effect of L1 language proficiency more generally.
Thus, especially for speakers of Hebrew and English, who show
qualitative differences in the principles governing lexical organi-
zation (e.g., the importance of morphology for Hebrew, see Frost
et al., 1997; Kolan et al., 2011; Prior & Markus, 2014), the pro-
cess of creating high-quality lexical representations (Perfetti,
2007) that affect lexical access may be relatively language spe-
cific. Certainly, this is a speculative suggestion, and again
requires further investigation of different and varied bilingual
populations to gain a fuller understanding of this issue.

Modulators of Generating Expectations in L2

Because our goal was to examine efficient reading processes, in
addition to lexical access we also probed a higher and more com-
plex reading process that modulates lexical access, namely readers'
ability to generate expectations of the upcoming word, as mani-
fested in word predictability effects. As in lexical access, we asked
whether specific versus general language variables are related to
participants' ability to generate expectations in the L2. We also
examined whether the ability to generate expectations is related
across L1 and L2 of the same reader.

Language-Specific Factors

Results showed that whereas L2 proficiency did explain variance
in L2 lexical access, it was not a significant predictor of the ability to
generate expectations in the L2. Although this issue has not been
directly examined in previous research, we did expect to find a rela-
tion, as explained in the introduction. One possible explanation for
the lack of a significant correlation, again with the caution of inter-
preting null effects, is that L2 vocabulary knowledge and reading flu-
ency do not capture the relevant aspect of L2 proficiency. Indeed, the
ability to efficiently use preceding context takes more than adequate
representations in the mental lexicon, that is, lexical knowledge is
probably necessary but may not be sufficient to support predictive
processes in reading. Obviously, familiarity with the target word is

necessary for being able to predict it from context, but readers must
also be able to integrate linguistic information, have good syntactic
understanding, and retrieve relevant schemas. Although vocabulary
knowledge is a strong predictor of reading comprehension in general
(e.g., Cromley & Azevedo, 2007; Ouellette, 2006; Perfetti & Stafura,
2014; Qian, 1999; Wagner et al., 1997), comprehension and predic-
tion also rely on top-down processing. Certainly, it would be interest-
ing to examine in future research whether more holistic measures of
L2 proficiency might be related to readers' ability to efficiently use
preceding context and make predictions at the word level.

General Language Abilities

L1 Proficiency. As was the case for lexical access, L1 profi-
ciency did not explain unique variance in L2 word predictability
effects. A possible explanation is that domain-general abilities are
not the main and most essential factor in capturing individual dif-
ferences in L2 reading processes, whether these processes are lexi-
cal access or of higher order. Specifically, regarding vocabulary
knowledge and reading fluency, it might be argued that these vari-
ables do not fully capture the aspects of general language ability
that would be most relevant for predictive processing.

L1 Ability to Generate Expectations for Upcoming
Words. We examined here whether the ability to generate expecta-
tions for upcoming words is a general characteristic of the individual,
independent of specific language proficiency, and therefore might mani-
fest similarly across L1 and L2. Compared with the ability to create
high-quality lexical representations (Perfetti, 2007), the ability to gener-
ate expectations for upcoming words seems at first to be a better candi-
date for reflecting a general capability, because it might involve top-
down process more prominently. Somewhat surprisingly, this hypothe-
sized relation was not evident in the current data. Namely, predictability
effects of the same participants in L1 and L2 were unrelated. The cur-
rent study is the first to directly test this relation, and thus we can only
offer a speculative explanation at this point. We suggest that the fact
that participants' ability to predict upcoming words in L1 was not
related to their performance in L2 might be a consequence of the spe-
cific characteristics of the tested population. Two aspects are important
here. First, because of the great typological distance between the L1
and the L2 of the participants, in terms of lexicon, morpho-syntactic
structure and writing system, the predictive processes developed
through the L1 might not be fully applicable to L2 sentences, thus limit-
ing similarities in performance across the two languages. Second,
participants in the current study had achieved only intermediate profi-
ciency in the L2, which limited their prediction efficiency, as evidenced
by the overall larger predictability effects in L2. This limited prediction
efficiency might have then masked more subtle differences in the appli-
cation of higher-order predictive processes, those which can also
support prediction in the L1. This explanation has clearly testable pre-
dictions—namely, that predictability effects in L1 and L2 should be
better aligned in speakers of typologically close languages, and in
speakers who have more balanced levels of proficiency in the two lan-
guages. Future research examining these issues is highly desirable.

Limitations and Future Directions

In the current study, we probed second language reading in a pop-
ulation of different script bilinguals who are intermediate-advanced
L2 speakers. This choice was motivated by the fact that many bilin-
guals world-wide share this profile of unbalanced different script



publishers.

ychological Association or one of its allied

ghted by the American Ps

t=4

This document is copyri
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

FREQUENCY AND PREDICTABILITY EFFECTS IN BILINGUALS 17

bilingualism (Jiang, 2018; Mishra, 2019). Further, we argue that
both factors, namely L2 proficiency and the distance between L1
and L2, are important for understanding second language reading
efficiency. However, because previous studies focused mostly on
highly proficient bilinguals, who also read languages that used the
same script, it is difficult to draw a firm conclusion regarding the rel-
ative role of each factor in the currently observed reading behavior.
Although we based our conclusions on theory and previous evidence
(e.g., the magnitude of word predictability effects as a marker of
reading proficiency), future research can further elaborate these ini-
tial findings to investigate readers with different L2 proficiency lev-
els, within the same bilingual population. It would be especially
valuable to investigate the development of reading efficiency in low
proficient L2 speakers, about whom less is known. Alternatively,
and more challenging, would be to investigate readers with similar
L2 proficiency levels, but sampled from various different-script
bilingual populations (for a recent example, see Fadlon et al., 2019).

Comparing different languages within the same reader, which
we see as a strength of the current study, is also a challenge in
and of itself. Using reading materials in different languages may
cause unexpected and possibly confounding differences between
conditions. In the current study, we extended significant effort to
adequately matching stimuli across languages and to controlling
relevant variables, yet this examination is still not as precise as
comparing bilinguals reading in their L2 with monolinguals read-
ing in the same language. However, the within participant design
has an outstanding advantage, namely the possibility to compare L1
and L2 reading abilities within the same reader, and to probe possible
shared mechanism, which we would expect to be evident in both L1
and L2 reading of the same reader. Thus, future research can over-
come the issue of potential bias due to matching challenges by pro-
viding cumulative evidence on L1 and L2 reading behavior within
the same individual, again across various bilingual populations.

Such research from a wide range of bilingual populations is also
necessary for further elaborating the initial findings of the current
study regarding the modulators of efficient L2 reading. It seems
that more holistic language-specific abilities should be included as
possible predictors for higher-order reading process, such as the
ability to generate expectations in the L2. Also, it would be inter-
esting to further develop the notion of reading abilities as a charac-
teristic of the individual, namely the ability to create high-quality
lexical representations (Perfetti, 2007) and the ability to generate
expectations. Finally, the findings from the current study, which
support the notion that efficient reading in the L2 is language-spe-
cific, raise the question of whether most L2 literacy skills and
processes are, essentially, language specific.

Conclusion

The results of the current study demonstrated less efficient read-
ing in L2 than in L1 for intermediate proficiency bilinguals—both
in bottom-up processing (lexical access) and in top-down process-
ing (the ability to generate expectation). Importantly, this was the
case even though the participants we tested had been studying
their L2 for more than 10 years and were exposed to it on a daily
basis, especially in the written form (see also Prior et al., 2020).
This pattern suggests that the magnitude of word frequency effects
is a marker of reading efficiency, associated with language use and
proficiency (Brysbaert et al., 2017; Diependaele et al., 2013;

Gollan et al., 2011) and that the magnitude of word predictability
effects might be a marker of higher order reading efficiency,
indexing compensatory processing (Stanovich, 1986).

In addition to the overall difference between L1 and L2, bilin-
guals' proficiency in the L2 proved to be important for understand-
ing variability in the efficiency of L2 lexical access. In contrast, the
specific measures of L2 proficiency implemented here were not
associated with the higher-order process of prediction in reading.
Importantly, efficiency of lexical access was not associated across
the two languages of the bilingual participants, suggesting that the
mechanisms supporting the establishment of high-quality lexical
representations (Perfetti, 2007) may only partially overlap in read-
ers of different-script and typologically distant languages (Mor &
Prior, 2020). Similarly, higher-order prediction efficiency was also
not associated across the languages of bilinguals, possibly owing to
the gaps in proficiency and the typological distance between the
two languages used by the current bilingual population. Taken to-
gether, these results suggest that for the different-script bilinguals
tested here, efficient reading in the L2 is a specialized skill, distinct
from efficient L1 reading (see also Mor & Prior, 2020).

More generally, the current results, which highlight the distinc-
tion between efficient reading in the L1 and L2, have important
implications. On the downside, even readers who have achieved a
high level of skill in the L1 are not guaranteed to reach equivalent
levels of skill when studying a second language, especially if the
L2 is very different from the L1 (Prior et al., 2020). On a more
encouraging note, however, the current results suggest that to
achieve efficient reading in an L2, individuals should strive to
broaden their vocabulary knowledge and the rapid accessibility of
mappings from form to meaning in that language. Thus, even indi-
viduals who do not have exceptional language abilities in the L1
should be able to achieve efficient reading in the L2, with suffi-
cient exposure and practice. Given the increasingly central role of
nonnative language skills for education and economic opportuni-
ties, both for immigrants and for foreign language learners, this is
an important and optimistic finding.
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Appendix
Table A1 Table A2
Correlation Matrix of the Predictor Variables Correlation Matrix of Predictor Variables, With Separate Values
for Participants' Vocabulary Knowledge and Reading Fluency
Variable 2. 3. 4.

1. L2 proficiency 694+ 055 093 Variable 2. 3. 4 3 6.
2. L1 proficiency —.079 -140 1. L2 vocabulary 587#%  556%F 32 099 181
3. L1 sensitivity to frequency —.038 knowledge (Shipley)
4. L1 sensitivity to predictability 2. L2 reading fluency (TOWRE) S21%% 625%%  — 001 —.016
Note. Following Bonferroni correction for multiple correlations, signifi- 3. %Slh;/;lz?};mary knowledge 334 109 164
cance <le¥)"il was set at.008. 4. L1 reading fluency (TOWRE) —02 65

p = 5. L1 sensitivity to frequency —.038

6. L1 sensitivity to predictability

Note. TOWRE = test of Word Reading Efficiency. Following Bonferroni
correction for multiple correlations, significance level was set at .003.
**p < .01.
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