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Cognitive Control Ability Mediates Prediction Costs in 
Monolinguals and Bilinguals

Megan Zirnstein1, Janet G. van Hell2, and Judith F. Kroll1,2

1Department of Psychology, University of California, Riverside

2Center for Language Science, Department of Psychology, Pennsylvania State University

Abstract

In this study, we examined the role that cognitive control and language regulation ability play in 

mediating readers’ susceptibility to prediction error costs when reading in the native language (L1) 

or a second language (L2). Twenty-four English monolinguals (Experiment 1) and 28 Chinese-

English bilinguals (Experiment 2) read sentences in English while their EEG was recorded. The 

sentences varied in the predictability of an upcoming expected word and in whether that prediction 

was confirmed. Monolinguals showed sensitivity to sentence contexts in which expectations were 

not met (i.e., when unexpected words were encountered) in the form of a late, frontally-distributed 

positivity, but for bilinguals this effect was more complex. For both groups, performance on the 

prediction task was modulated by individual differences on the AX-CPT, a measure of inhibitory 

control. However, the bilinguals’ reading performance in the L2 was affected not only by 

inhibitory control, but also by their performance on an L1 verbal fluency task that indexed 

language regulation and production capability, related to their language dominance and immersion 

context. Bilinguals with better regulation of the L1 generated a larger frontal positivity in response 

to unexpected words in the L2, an effect that was attenuated by inhibitory control ability. In 

contrast, bilinguals with lower regulatory ability generated a larger, late negativity, which was also 

mediated by control. These findings suggest that the ability to regulate the native language when 

immersed in a second language environment can influence mechanisms underlying the prediction 

process when reading in the L2. In addition, cognitive control ability, specifically inhibitory 

control, appears to mediate the difficulty readers incur when predictions are disconfirmed, not only 

in the native language, but also for proficient bilinguals reading in the L2. We argue that the 

mechanisms engaged during prediction in the L1 and L2 are fundamentally the same, and that 

what differs for bilinguals are the additional demands imposed by their language experience and 

language use.
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Introduction

Prediction errors, and their neurological and behavioral repercussions, have been the focus 

of recent research across multiple cognitive domains, including attention, perception, action, 

learning, social motivation, and decision-making (for reviews, see Bubic, von Cramon, & 

Schubotz, 2010; Den Ouden, Kok, & de Lange, 2012). Prediction itself has been proposed to 

be a hallmark of the human cognitive experience, especially the ability to efficiently adapt 

when conflicts or errors arise to contradict an individual’s expectations. Prediction errors 

can take many forms, and their magnitude often depends upon how frequently errors have 

occurred, how rewarding it is to adapt to these errors, and whether an individual is 

personally motivated to do so. An additional concern is whether it is likely that predictions 

have been generated and how strong those predictions may be, as any error experienced as a 

result of a disconfirmed prediction should be proportionate to the strength of the prediction 

that had previously been formed. In this paper, we present evidence from two experiments in 

the language domain that attempt to elucidate aspects of prediction that are common across 

multiple cognitive domains: (1) when predictions are likely to be generated, and (2) what 

mechanism(s) may attenuate prediction errors and potentially contribute to later adaptation. 

We do this by utilizing two groups of readers: monolinguals reading in their native language 

(L1) and bilinguals reading in their highly proficient, but second language (L2).

Prediction in Language Processing

In the language domain, readers and listeners use contextual information to generate 

expectations about the meaning of upcoming words, an effect that has been demonstrated 

quite extensively in both sentence and discourse processing (see Federmeier, 2007; Van 

Berkum, 2008, for reviews). For example, sentences like (1) that are more highly 

semantically constraining tend to result in processing benefits for high cloze or expected 

target words (e.g., disease) when compared to sentences like (2) that are less semantically 

constraining.

(1) The woman was born with a rare disease.

(2) The woman had discovered a rare disease.

This benefit is often indexed by a reduction in the amplitude of the N400 event-related 

potential (ERP), which is widely regarded as an electrophysiological index of lexico-

semantic activation (Federmeier & Kutas, 1999; Kutas & Hillyard, 1984; Van Berkum, 

Hagoort, & Brown, 1999; Van Petten, 1993; for a review, see Swaab, Ledoux, Camblin, & 

Boudewyn, 2011). Previous research has suggested that these effects are the result of readers 

being able to take advantage of the highly constraining context in such a way that semantic 

features of the expected target word were active before it was actually encountered in the 

sentence. However, it can be difficult to disentangle whether modulation of the N400 ERP 

effect is due to prior prediction, later lexical access and/or semantic integration, or some 

combination of these processes (except in cases where these EEG effects are tied to 

situations in which prediction is likely to have occurred, e.g., Brothers, Swaab, & Traxler, 

2015, or when these effects manifest in prior discourse, e.g., van Berkum, 2012).
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In addition to these processing benefits, several studies have also reported that readers incur 

costs when the predictions that they have generated are not verified later in the sentence 

(e.g., DeLong, Groppe, Urbach, & Kutas, 2012; Federmeier, McLennan, De Ochoa, & 

Kutas, 2002; 2007; 2010). In contrast to sentences like (1), comprehenders who encounter 

sentences like (3) tend to generate a larger, frontally-distributed positivity between 500 and 

900 milliseconds after the onset of an unexpected, though plausible, target word (i.e., gift).

(3) The woman was born with a rare gift.

Importantly, this late, frontally-distributed positivity is an effect that typically manifests in 

cases where plausible violations of a prediction have occurred, making it a useful index of 

the repercussions of prediction processes. In the language domain, it has largely been found 

in work involving the processing of unexpected words in highly predictable or constraining 

contexts (e.g., with jokes; Coulson & Wu, 2005), and is often interpreted as a repercussion 

of comprehenders having to revise or suppress a previously generated prediction (e.g., 

Federmeier et al., 2007; or discourse representation, e.g., Brothers, Swaab, & Traxler, 2015). 

The ability to predict upcoming words and to quickly recover when predictions are 

disconfirmed (i.e., to adapt quickly to a situation where a meaningful conflict occurs) could, 

therefore, result in a reduction in processing load and free up cognitive resources for other 

tasks. A question that remains, then, is to what extent constraints on cognitive resources may 

affect prediction generation and recovery. One way to further examine this is to investigate 

possible changes in the prediction process when readers are engaged in a highly resource-

demanding task, such as reading in the L2. Contexts that increase cognitive demand in 

language processing are also likely to affect the prediction process. As such, we might 

expect that reading and predicting in an L2 will mimic the same processes when individuals 

read under conditions with increased cognitive load.

Prediction in a Second Language

Bilinguals may provide a unique opportunity for understanding the way cognitive resources 

are engaged during online processing. When bilinguals read or speak in one of their 

languages, the language not in use is also active (e.g., Van Hell & Tanner, 2012). As a result, 

information from the non-target language often affects performance (especially in the L2; 

see Kroll & Dussias, 2013). This can involve cross-language conflict (e.g., with interlingual 

homographs or homophones, and for competing syntactic parsing preferences) or overlap, 

when the two languages converge in a manner that supports processing (e.g., with cognate 

words or parsing preferences shared across both languages). Efficiently regulating this cross-

language activation, to allow for appropriate cross-language support and suppress irrelevant 

cross-language interference, is a necessary part of successful communication and 

comprehension for bilinguals. Due to these constraints, highly proficient L2 comprehension 

may provide a unique opportunity for understanding how cognitive resources are engaged 

during online prediction, in a way that may not as easily be revealed through the very 

skilled, native reading of monolinguals.

Several studies have now shown that young adults are capable of rapidly forming 

expectations when reading or listening for comprehension in their native language. If the 

ability to predict the meaning of upcoming words is a hallmark of skilled comprehension in 
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young adulthood, then predicting in the L2 may be a natural part of attaining high L2 

proficiency. To our knowledge, only a few published studies have investigated prediction 

during L2 comprehension (Foucart, Martin, Moreno, & Costa, 2014; Foucart et al., 2015; 

Kaan, Kirkham, & Wijnen, 2016; Martin et al., 2013; but see the following for work on the 

effect of contextual constraint on L2 sentence processes: Lagrou et al., 2013; Schwartz & 

Kroll, 2006; Titone et al., 2011; Van Assche et al., 2011; Van Hell & De Groot, 2008). 

Martin and colleagues (2013) had Spanish-English bilinguals (reading in the L2, English) 

and English monolinguals read highly semantically constraining sentences with either 

expected or unexpected sentence-final nouns. For example, in (4), singer is expected and 

artist is unexpected. This in turn changes the expectancy of the preceding article, with “a” 

being more expected because it would precede singer, and “an” being less expected because 

it would precede artist, at least for readers who are actively predicting the expected word.

(4) She has a nice voice and always wanted to be (a singer/an artist).

The authors aimed to identify effects of prediction or prediction costs prior to the expected 

or unexpected target word. For monolinguals, as expected, N400 responses to the article 

preceding an unexpected noun were larger than for the article preceding the expected noun, 

suggesting that native readers were predicting not only the meaning of the final word, but 

also its orthographic form (i.e., whether it began with a vowel or a consonant). Monolinguals 

also produced a larger frontal positivity to the articles preceding the unexpected nouns, 

reflecting early difficulty with encountering a prediction error. This effect was not found for 

bilinguals, however, who only showed a larger N400 effect for unexpected words. Based on 

these results, the authors suggested that L2 processing may occur too slowly in the L2 

(Frenck-Mestre & Pynte, 1997) for predictions to either be generated or for preactivation to 

occur rapidly enough for prediction costs to be incurred. However, the L2 readers in this 

study were still capable of taking advantage of semantic information in prior context 

(leading to changes in N400 amplitude for expected and unexpected nouns), suggesting a 

reasonably high level of L2 proficiency.

Bilinguals may be less likely or less able to engage in language processing in the L2 on par 

with native speakers of that language (Clahsen & Felser, 2006), possibly due to the 

constraints and/or cognitive demands that L2 processing imposes (Hasegawa, Carpenter, & 

Just, 2002; McDonald, 2006). Based on the results from the study by Martin and colleagues 

(2013), this may also be the case for semantic prediction in the L2. However, a recent ERP 

study demonstrated that, when bilinguals’ two languages are more closely related (e.g., for 

Spanish and French), both early and late acquirers of an L2 are capable of anticipating 

upcoming words (Foucart et al., 2014). In this study, Spanish monolinguals, early Spanish-

Catalan bilinguals, and late French-Spanish bilinguals read highly constraining sentences in 

Spanish that either had an expected or unexpected target word embedded later in the 

sentence. As a critical distinction from Martin et al. (2013), target words differed in their 

gender, such that the gender marking of a preceding article either matched or did not match 

the expected word. Surprisingly, for the bilinguals as well as the monolinguals, larger N400 

effects were elicited on the preceding article when the gender did not match the expected 

word, and both N400 and frontal positive effects were elicited for unexpected targets. Taken 

together, the data from these past studies indicate variability in whether bilingual, L2 readers 
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are likely to exhibit ERP effects related to the anticipation of upcoming language input. In 

particular, it seems that the elicitation of the frontal positivity in response to a prediction 

error may depend strongly on the nature of the manipulation of expectedness in each study 

(i.e., whether successful prediction relies on semantic or syntactic knowledge; see Kaan et 

al., 2016), and the relationship between a bilingual reader’s L1 and L2.

In this and other work, it is often assumed that the absence of the frontal positive effect 

indicates that prediction did not occur. Indeed, it has been argued that prediction itself is not 

a necessary tool for comprehension (Huettig & Mani, 2016; but see Hintz, Meyer, & 

Huettig, 2016, for evidence that prediction can aid comprehension), as readers and listeners 

can instead opt for a less resource-demanding strategy, such as passively waiting to integrate 

upcoming words as they are presented. However, some readers may be more successful than 

others in overcoming the difficulty associated with encountering a prediction error. If the 

magnitude of the frontal positive effect is not only a repercussion of having predicted 

language input, but also reflects cognitive efforts related to resolving conflict between a 

previously generated prediction and the word actually encountered (e.g., Federmeier, Kutas, 

& Schul, 2010; DeLong et al., 2012), then an absence of such an effect could indicate 

greater success in mediating that conflict. Readers who are capable of quickly and ably 

resolving this type of conflict may, then, reduce cognitive load and make resources available 

for other processes, such as continuing to anticipate upcoming input. This process could be 

especially helpful during language processing, especially for bilingual L2 readers, but also 

during tasks in other cognitive domains that draw upon prediction processes.

There is now a wealth of research on bilingualism showing that the experience associated 

with acquiring and attaining proficiency in the L2 may in large part rely on an individual’s 

ability to mediate language-related conflict (see Baum & Titone, 2014, and Bialystok, Craik, 

& Luk, 2012, for reviews). Bilinguals have been shown to be quite successful in regulating 

cross-language activation when one of their two languages competes for selection or 

similarly interferes with production or comprehension (see Kroll & Dussias, 2013, for a 

review). This is thought to be a natural consequence of the, at least momentary, parallel 

activation of a bilingual’s two languages at all levels of language processing (e.g., van Hell 

& Tanner, 2012), be it lexical access, word production, or selecting amongst competing 

syntactic structures. Several studies now suggest that a lifetime of experience with regulating 

cross-language interactions can incur changes in cognitive control ability for elderly 

bilinguals who are undergoing cognitive decline (Bak, Nissan, Allerhand, & Deary, 2014; 

Gold, Kim, Johnson, Kryscio, & Smith, 2013). The potential influence of bilingual language 

regulation on domain general cognitive control, however, appears to occur over a long 

timecourse. What is much less understood is how the regulation of a bilingual’s two 

languages and their current domain general cognitive control ability can be utilized in 

coordination to support comprehension online. In young adult bilinguals, who have yet to 

engage in decades of language use and regulation, it may be possible to reveal an interaction 

between domain general executive function and language experience or skill when engaged 

in the demanding task of reading and predicting in the L2 (and see Costa, Hernández, Costa-

Faidella, & Sebastián-Gallés, 2009, for evidence that cognitive benefits for young adult 

bilinguals on executive function tasks may be more likely to be seen under conditions that 

impose demands on cognitive resources).
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Current Study

Both prediction and L2 comprehension may be sufficiently cognitively demanding as to 

reveal a more complex relationship between executive function skill and language 

processing ability than would typically be observed in standard comprehension paradigms. 

The goal of the current study was to test the degree to which cognitive control ability, 

specifically inhibitory control, mediates the costs associated with prediction errors in native 

as well as proficient, non-native reading.

For bilinguals, the ability to overcome prediction error may not only rely on inhibitory 

control, but also on the ability to regulate cross-language activation. When it comes to tasks 

performed in the less dominant L2, bilinguals often have to exert great effort to regulate the 

activation of the more dominant L1. Recent studies of bilingual production have shown that, 

to plan speech in the L2, even highly proficient bilinguals appear to modulate the more 

dominant L1 (e.g., Meuter & Allport, 1999; Misra, Guo, Bobb, & Kroll, 2012; Van Assche, 

Duyck, & Gollan, 2013). In these types of tasks, participants are first asked to speak in the 

less dominant L2. When the L1 is spoken following the L2, participants experience 

difficulty with speech planning in correspondence with the degree of L1 inhibition that had 

occurred during the previous L2 block. This occurs even after an extended opportunity to 

use the L1, and shows difficulty with regulating the demands of both languages and 

efficiently de-regulating the L1 when appropriate. This is reflected in both the amount of 

verbal output and in the presence of an increased N200 component in the ERP record in the 

later L1 block that requires de-regulation. These effects are, surprisingly, evident even 

during very short language-switching tasks in an experimental setting.

While the previous example demonstrates how bilinguals are called to regulate cross-

language activation in an experimental setting, similar effects are also found naturalistically. 

Studies of immersion in an L2 context (such as at a university or during travel to another 

country) reveal a similar reduction in the accessibility of the L1 (e.g., Baus, Costa, & 

Carreiras, 2013; Linck, Kroll, & Sunderman, 2009) that may reflect the adaptation of the 

native language to the increased exposure and usage of the L2. Linck and colleagues found 

that L2 learners who were immersed in the L2 in a study abroad program produced fewer 

exemplars in the L1 in a semantic verbal fluency task than learners restricted to classroom 

study in their home environment. At the same time, the immersed learners produced more 

exemplars in the L2 than the classroom learners. These immersion data and the previous 

experimental data both demonstrate the interplay between environmentally-induced down-

regulation of the dominant L1, the concurrent increase in activation and accessibility of the 

less dominant L2, and later repercussions for these changes, such as difficulty with de-

regulating the L1, either due to task shifts or L2 immersion. Although complex, all of these 

behaviors are critical for examining L2 processing performance in bilinguals.

It is important to note that parallel language activation for bilinguals can lead to both 

benefits and costs. Depending upon the relative activation of each language, cross-language 

convergence and divergence can lead to varying degrees of processing support or 

interference. The goal for a bilingual comprehender is to strike a balance in language co-

activation that is most optimal for the current situation, and shift or regulate that balance 

when circumstances call for such a change. Rather than viewing bilingual language 
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regulation as merely the suppression or inhibition of the unintended language, it may instead 

be viewed as a more complex coordination of executive functions necessary to shift 

language co-activation to more appropriately suit the processing environment. The notion 

that language regulation may be partially independent from domain general inhibitory 

control has recently been tested by Prior and colleagues (2017; but see Giezen, Blumenfeld, 

Shook, Marian, & Emmorey, 2015). In their study, different script bilinguals were given 

language processing tasks that tapped in to this language regulatory process, for example by 

inducing cross-language interference, as well as domain general tasks of inhibitory control. 

The authors found no relationship between the management of cross-language interactions 

and domain general inhibition, suggesting that these mechanisms may be partially 

independent from one another.1 Thus, while bilingual language regulation may recruit 

domain-general suppression or inhibition skill, conceptually this skilled behavior (and 

therefore any task that can be argued to successfully tap into this process) reflects the ability 

to coordinate multiple cognitive control processes, rather than skill on a single dimension of 

cognitive control. Language regulation, and its relationship to domain-general inhibitory 

control, can therefore be viewed as partially, but not wholly overlapping.

One of the goals of the current study is to investigate the degree to which prediction in the 

L2 is influenced both by L2 ability and this regulatory process that bilinguals must undergo 

in order to comprehend input in one of their languages. Due to the complex relationship 

between regulation and proficiency in bilingual language use, we utilized a semantic 

category, verbal fluency task to assess language proficiency and regulatory ability. In this 

type of task, participants must produce exemplars in a pre-determined semantic category 

under a time limit, thus taxing both an individual’s vocabulary as well as their ability to 

maintain task demands by not repeating items and only naming items appropriately within 

category boundaries. As we have discussed previously, for bilinguals naming items in one 

language, while currently immersed in an environment that supports another language, 

regulation is required for successful performance to occur. Thus, fluency tasks can tap both 

proficiency in a language, as well as a bilingual’s ability to regulate their languages. In the 

current study, bilinguals were asked to name items in the L2, while currently immersed in an 

L2 environment. Having already down-regulated the dominant L1 to accommodate the L2 in 

their daily life, L2 verbal fluency is more likely to reflect relative proficiency in the L2, as 

no change or shift in activation is required between an L2 immersion context and a verbal 

fluency task in the same language. In contrast, while fluency performance in the L1 will also 

reflect whether bilinguals have maintained proficiency in their first and dominant language 

(e.g., L1 fluency should always be greater than that for the L2 in an L1-dominant bilingual 

group), the modulation of L1 verbal fluency is more likely to indicate how successful 

bilingual speakers were at appropriately up-regulating activation of the L1 in a task that 

requires such a shift. This change in relative activation has previously been demonstrated to 

be most effortful when in an environment that encourages and supports active use of the 

L2.2

1However, as we discussed previously, the relationship between domain general inhibition and bilingual regulatory skill may shift 
across the lifespan, as has been suggested by multiple studies of language and cognitive skill for elderly bilinguals (Bak et al., 2014; 
Gold et al., 2013).
2It is important to note that the Chinese-English bilingual participants recruited in this study may be more likely than other bilingual 
and cultural groups to maintain their L1 dominance in such a strong L2 immersion environment. This has repercussions for how the 
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Although the regulation of the L1 and L2 for bilinguals draws upon an individual’s ability to 

flexibly dis-inhibit when appropriate, a host of executive functions are employed to achieve 

this skilled behavior, including selective attention, conflict-monitoring, and task-switching. 

However, there is no current and comprehensive characterization of how these executive 

functions are engaged in coordination to successfully regulate between two or more 

languages. One theory, the Adaptive Control Hypothesis, proposes that linguistic and social 

environments can differentially impose demands on these executive or control mechanisms 

for bilingual speakers (e.g., see Green & Abutalebi, 2013, specifically with respect to the 

relationship between language- and code-switching and their repercussions for the neural 

underpinnings of the cognitive control network). While the controlled use and regulation of 

a bilingual’s languages may draw upon multiple domain-general cognitive control 

mechanisms in order to support online language processing, we attempt to articulate the 

partially independent contributions of these skills by distinguishing between (1) this 

regulatory process for the native and dominant language and (2) the more domain-general 

mechanism of inhibitory control that may characterize prediction error recovery across 

multiple cognitive domains and, therefore, in monolingual and bilingual speakers alike. Prior 

research (e.g., Hsu & Novick, 2016; Pivneva, Mercier, & Titone, 2014; Prior et al., 2017; 

Teubner-Rhodes, et al., 2016), has suggested partially independent contributions of these 

two factors during online bilingual reading, especially in the L2. Although bilingual 

language use has been hypothesized to draw upon a broad range of domain general cognitive 

processes, the ability to recruit these processes in coordination to support online bilingual 

language use, and domain-general skill on one subdomain of cognitive control (i.e., 

inhibition) may be more distinct. This further highlights the need to account for both 

bilingual language skill and cognitive control ability when modeling the performance of 

bilingual readers and speakers.

In the present study, we had monolingual, native speakers of English (Experiment 1) and 

bilingual, non-native, but highly proficient speakers of English (i.e., Chinese-English 

bilinguals; Experiment 2) read sentences in English while their EEG was recorded. Sentence 

contexts varied in their semantic constraint, and we compared ERPs time-locked to expected 

or unexpected target words embedded within these sentences. Our goals were to investigate 

individual differences in how non-native readers engage in prediction processes, and to look 

at changes in cognitive control ability and its influence on costs associated with prediction 

error. Several previous studies have utilized linear and multiple regression techniques to 

assess individual variability in ERP effects at the sentence and discourse level (see 

Boudewyn, Long, & Swaab, 2012; 2013; Dambacher, Kliegl, Hofmann, & Jacobs, 2006; 

Federmeier, Kutas, & Schul, 2010; Laszlo & Federmeier, 2011; Nakano, Saron, & Swaab, 

2010). Of particular note is a study by Federmeier and colleagues (2010; see also DeLong et 

al., 2012), in which native language verbal fluency performance was shown to significantly 

predict whether older adult monolinguals experienced difficulty with prediction errors in the 

form of a frontally-distributed positive ERP response. Those older adults who produced a 

greater number of tokens in a semantic category fluency task patterned with young adults 

L1 fluency task can be utilized to measure language regulation in bilinguals. Bilingual populations that are more likely to engage in 
code-switching, who are not able to maintain L1 dominance in an L2 immersion context, or who are in other immersion environments, 
may not demonstrate the same characteristics on this fluency measure.
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and generated a frontal positivity, while those who performed more poorly on the task (i.e., 

produced fewer tokens) did not. For older adults, better performance on this type of fluency 

task relies on proficiency, but also the ability to regulate task demands, which has been 

shown to decline with age (Clark, et al., 2009). This suggests that, when constraints are 

imposed on native language processing, even as a result of the natural aging process, L1 

fluency may be a strong predictor in determining whether readers have sufficient resources 

necessary to overcome those constraints and generate predictions online. As L1 fluency 

performance for bilinguals in an L2 immersion context may also reflect regulatory skill, 

young adult bilinguals who outperform their peers on this type of task may also be more 

likely to demonstrate sensitivity to prediction error. Therefore, a second aim of the present 

experiments was to investigate how cognitive control (measured by an executive function 

task) and language regulation and L2 proficiency (measured by verbal fluency in the L1 and 

the L2, respectively) interactively contribute to the magnitude of prediction costs.

Based on previous work on L1 and L2 prediction, we expected that both monolinguals and 

bilinguals would exhibit evidence for prediction benefits in the form of a reduced N400 

effect for expected target words in highly semantically constraining contexts, and that 

prediction costs would be evident in the form of a frontal positivity after the onset of an 

unexpected target word in the same context, at least for monolinguals reading in their native 

language. For bilinguals reading in their L2, we hypothesized that only those bilinguals with 

better proficiency in the L2 (i.e., higher L2 verbal fluency) would likely be able to generate 

predictions while reading in the L2 and, therefore, exhibit prediction costs in the form of the 

previously mentioned frontal positivity.

However, to what extent may these costs be attenuated in either group? Previous work on 

native reading has tied cognitive control and reading ability to successful sentence or 

discourse comprehension (see Boudewyn, Gordon, Long, Polse, & Swaab, 2012; Camblin, 

Gordon, & Swaab, 2007; Gernsbacher, 1996, 1997). Work by Gernsbacher and colleagues 

(Gernsbacher & Faust, 1991; Gernsbacher, Varner, & Faust, 1990), for example, has shown 

that skilled readers tend to more successfully suppress irrelevant contextual information 

during discourse processing (such as suppressing the irrelevant concept of an ace when 

reading the sentence I dug with a spade). It is possible, then, that the effort related to 

encountering a prediction error may be related to this type of suppression mechanism in 

comprehension. We therefore expect cognitive control ability, specifically inhibitory control 

(as assessed by the AX-CPT), to predict the magnitude of the frontal positive effect for 

monolinguals in Experiment 1. If, in Experiment 2, bilinguals with high L2 proficiency also 

generate a frontal positive effect, we expect to find a similar pattern. Specifically, for those 

bilinguals with better L2 proficiency, high domain-general inhibitory control ability should 

virtually eliminate prediction costs, as would be evident in a reduced frontal positive effect. 

An open question is whether regulation of cross-language activation, as indexed by L1 

verbal fluency (for L1-dominant bilinguals in an L2 immersion context), will play a role in 

determining the presence of prediction costs in the L2.

A further question is whether L2 proficiency or language regulation skill in the L1 will more 

consistently reflect bilingual readers’ ability to generate predictions online during L2 

reading. While previous work with older adult monolinguals naturally only tested fluency 
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performance in one language, bilingual readers are fluent in at least two languages. In 

addition, as noted above, performance on fluency tasks, for older adults and for bilinguals in 

certain language environments, can reflect more domain-general executive function skill, as 

better performance reflects successful regulation of task demands and goal maintenance 

(Henry, Crawford, & Phillips, 2004; Sandoval, Gollan, Ferreira, & Salmon, 2010), as well as 

the ability to regulate language co-activation if one is bilingual. For young adult bilinguals, 

L1 fluency performance may reflect regulatory skill that is necessary for successfully 

predicting upcoming words in the L2.

We expect that both L1 and L2 fluency performance may significantly impact bilingual 

readers’ recovery from prediction error, but in different ways. If proficiency in the language 

being read is a strong indicator that a reader is likely to generate online predictions, then L2 

proficiency, as indexed by the L2 fluency task, should interact with inhibitory control ability 

to impact the magnitude of prediction costs. If, however, the ability to effectively regulate 

the dominant, non-immersed language is the best indicator of successful L2 prediction, then 

bilinguals’ fluency performance in their dominant L1, when bilingual participants must 

successfully de-regulate the non-immersed and more dominant language, should interact 

with control ability to impact L2 prediction costs.3 Based on these predictions we set out to 

test the interaction between cognitive control ability and L1 and L2 fluency separately for 

our bilingual readers in Experiment 2. As we will see across Experiments 1 and 2, while 

inhibitory control ability may consistently mediate prediction error costs across L1 and L2 

contexts, bilinguals may also require additional regulatory skill in order to successfully 

engage in L2 prediction. Perhaps counterintuitively, bilingual language regulation may lead 

to greater prediction error processing costs, while inhibitory control ability may 

subsequently reduce them.

Experiment 1: English Monolinguals

Method

Participants—Twenty-four monolingual speakers of English (15 female) with a mean age 

of 21.92 years (SD = 3.75) participated in this experiment. Twenty participants reported 

having some experience with a second language, with very low self-reported proficiency (M 
= 3.14, SD = 1.17; on a scale from 1 = no proficiency, to 10 = high proficiency) and no more 

than two years of experience with said language. All participants were right-handed, had 

normal to corrected-to-normal vision, and reported no prior history of neurological or 

reading disorders. Participants were given informed consent and compensated $10 or one 

course credit per hour for taking part in the study.

Sentence Materials—Sentence stimuli consisted of 120 critical sentences and 40 filler 

sentences (see Table 1 for examples). Of the 120 critical sentences, 40 were manipulated to 

be highly semantically constraining with an expected target word (High Constraint, 

3This hypothesis assumes that greater L1 fluency should reflect better L1 de-regulation and, therefore, better bilingual cross-language 
regulatory ability. However, greater L1 fluency may instead reflect the presence of more non-target language interference during L2 
reading. As such, L1 fluency and the magnitude of prediction costs could be positively or negatively correlated. The direction of this 
effect will indicate which process underlies successful L2 prediction: more cross-language regulation (positive correlation) or less 
non-target language interference (negative correlation).
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Expected), 40 were highly constraining with an unexpected but plausible target word (High 

Constraint, Unexpected), and the remaining 40 were designed to be of low semantic 

constraint for the same target word as in the first condition (Low Constraint, Neutral). At 

minimum, two words prior to and following the target word remained constant across all 

conditions. In order to preserve an even distribution of high and low contextual constraint 

across all items, the 40 filler sentences were all low in semantic constraint (e.g., “He realized 

that he needed a plan in order to make a living”). Sentences were presented in three 

counterbalanced lists. Sentence condition was rotated across lists, so that each participant 

only viewed one version of each sentence. Each list consisted of 8 trial blocks, with 20 

pseudo-randomized trials per block (5 trials per critical condition, 5 filler sentences).

Sentence stems (i.e., the portion of the sentence leading up to, but not including the target 

word) were, on average, 8 words long in both the high and low constraint conditions, and 

were normed for cloze probability by 38 native, English-speaking participants who did not 

participate in the main study. For cloze norming, stimuli were divided into two lists of 120 

sentence stems (half high constraint and half low constraint, with condition counter-balanced 

across lists). Seventeen participants viewed each list and were asked to provide the best 

possible one-word ending for each sentence stem. High constraint sentence stems had a 

cloze probability of .92 for the expected completion (i.e., the expected target), with a range 

of .68 to 1.00. Low constraint sentence stems had a cloze probability of .29 for the best 

completion (i.e., any word most frequently provided in the norming responses, with a range 

of .10 to .47). As such, there was no overlap in cloze probability between high and low 

constraint conditions, and our cloze probability values matched those used in prior studies of 

sentential constraint and prediction (e.g., Federmeier et al., 2007).

Expected and unexpected target words were matched in length (M = 4 letters, in each 

condition). Lexical frequency of the targets was assessed using the SUBTLEXus database 

(Brysbaert & New, 2009). Expected targets were overall less frequent (M = 131.22, SD = 

286.89) than unexpected targets (M = 167.58, SD = 322.05), but this difference was not 

statistically significant (F(1,239) = 0.85, MSE = 93011.91, p = .36). As our goal was to 

avoid cases in which expected target words were significantly more frequent than 

unexpected target words, and the difference in frequency was in opposite direction to this, 

we did not expect even this non-significant difference to adversely affect interpretation of 

our data.

We also assessed the association strength between the expected and unexpected target words 

using the Edinburgh Associative Thesaurus (the MRC Psycholinguistic Database; Wilson, 

1988). Ninety-seven percent of the target words were in the database, and of those stimuli, 

mean association strength between conditions was .01 (SD = .03, maximum = .19). We also 

calculated average association strength between the target words and all content words in the 

sentence stems for the three critical conditions (i.e., expected targets and high constraint 

stems, neutral targets and low constraint stems, and unexpected targets and high constraint 

stems). There were very few associations between targets and prior content words, with only 

8.33% of the expected targets having an associate of .2 or above in the high constraint 

condition (other conditions were at 0%). Mean association strength between targets and 

prior content words was at or below .01 for all three conditions.
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Procedure—Participants completed a sentence reading task, in addition to a battery of 

individual difference measures,4 including the AX-CPT and several language proficiency 

measures. For present purposes, we focus on individual performance on the AX-CPT, a 

continuous performance task that encapsulates effects of reactive inhibition within the 

context of proactive goal maintenance, processes that mimic how executive function has 

been hypothesized to operate in sentence or discourse comprehension (Gernsbacher & Faust, 

1991; Gernsbacher et al., 1990).5

Verbal Fluency Task: A verbal category fluency task was administered to participants in 

English. In this task, participants were asked to produce as many words (or tokens) as 

possible that applied to a specific semantic category within a 30 second time limit (e.g., Luo, 

Luk, & Bialystok, 2010; Rohrer, Wixted, Salmon, & Butters, 1995; see Linck, et al., 2009, 

for evidence that a 30 second response interval is sufficient to detect differences in group 

performance). Four semantic categories were presented. Two of the four categories were 

animate, while the remaining two were inanimate. Order of presentation for all categories 

was randomized. At the beginning of the task, participants had the opportunity to practice 

producing tokens for one semantic category that was unrelated to the main task categories 

(i.e., tools). All participant responses were recorded for later transcription and coding.

Reading Task: Participants were tested individually in a sound-attenuating, electrically-

shielded booth. Sentence stimuli were presented on a computer screen, approximately 100 

cm from the participant, using E-prime 2.0 software (Psychology Software Tools, Pittsburgh, 

PA). At the start of a trial, a blank screen appeared for 1000 ms, followed by a fixation cross 

and then each word in the sentence, presented one at a time (also in the center of the screen) 

via rapid serial visual presentation (RSVP). The fixation cross and each subsequent word 

were each presented for 400 ms, followed by a 200 ms inter-stimulus interval (ISI) blank 

screen. After the last word in the sentence, there was a 750 ms blank screen, after which a 

prompt appeared. This prompt was either a true or false statement based on the previous 

sentence or a prompt to continue to the next item. Each prompt or statement remained on 

screen until the participant responded. Participants were asked to respond to the true or false 

statements using an E-prime response box, with the leftmost button indicating that the 

statement was true, and the rightmost button indicating that it was false. True or false 

statements (e.g., “True or false: He is trying to figure out how to earn money”) were 

presented after all filler items. If participants took longer than 10 seconds to respond to the 

true or false statement, a prompt appeared on the screen indicating that participants should 

attempt to respond more quickly (lasting for 1000 ms). After this, a prompt to continue 

appeared on the screen, which asked participants to press a button to indicate their readiness 

for the next trial. Participants also had the option to take a break in between each trial block.

4This battery also included a flanker task and an operation working memory task. While flanker tasks are also often used as measures 
of selective attention (Ong, Sewell, Weekes, McKague, & Abutalebi, 2016; especially for trial-to-trial changes, e.g., Davelaar & 
Stevens, 2009; for a review, see Egner, 2007), our goal for this study was to assess the degree to which effortful inhibition, following a 
task goal, would predict the magnitude of prediction error costs, which has been measured using the AX-CPT in prior work (e.g., 
Braver et al., 2001).
5Results from these other measures are available from the authors upon request.
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The AX-Continuous Performance Task: The AX-Continuous Performance Task (AX-

CPT; Nuechterlein, 1991) is a version of the Continuous Performance Test (CPT; Rosvold, 

Mirsky, Sarason, Bransome, & Beck, 1956) that has been modified to test proactive goal 

maintenance and reactive inhibitory control under conditions that require the maintenance of 

a task goal over a delay period (see Cohen, Barch, Carter, & Servan-Schreiber, 1999), and 

has been shown to be sensitive to changes in control ability due to bilingual experience 

(Morales, Gómez-Ariza, & Bajo, 2013) and healthy aging (Braver et al., 2001). In this task, 

participants were instructed to respond as quickly as possible to letters that were presented at 

the center of the screen. These letters appeared in sequences of five, beginning with a red 

letter cue, followed by three white distractor letters, and ending with a red letter probe. Each 

letter was presented for 300 ms, with a 1000 ms ISI, and no extra pause between letter 

sequence trials. Participants were required to respond as quickly as possible to each letter as 

it appeared on the screen, but also had to attend to the relationship between the cue and 

probe letters. For the cue and distractor letters, participants were asked to respond using one 

button (marked “No”). However, for the probe, participants were asked to respond with a 

second button (marked “Yes”) if the probe was an “X,” but only if the preceding cue letter 

was an “A.” Otherwise, probe responses should always be “No.” Thus, the cue letters could 

be the letter “A” or some other letter, distractors were any letter other than “A” or “X”, and 

the probe was either “X” or some other letter. The letters “K” and “Y” were never presented, 

due to their perceptual similarity to “X.” In addition, “X” was never presented as a cue and 

“A” was never presented as a probe. Response button order (left vs. right; yes vs. no) was 

counterbalanced across participants.

There were four cue-probe trial conditions overall: AX (to which participants were 

instructed to change their probe response to “Yes”), AY, BX, and BY. Prior to the start of the 

task, participants were given instructions and 10 practice trials to complete, with feedback 

concerning the correctness of their probe response following each trial. For this practice 

block and the main task (which had 100 trials in total), 70% of trials were in the AX 

condition, while the remaining 30% were distributed evenly between the remaining three 

conditions. This distribution of trials was designed to make AY and BX trials more difficult, 

due to the similarity between these trials and their contrast to the more frequently presented 

AX trial type. Critically, the 70% bias towards AX trials has previously been shown to elicit 

greater error and response time costs for AY versus other trial types for young adults (see 

results from the same interference version of this task in Braver et al., 2001), making 

performance on correct trials in this condition a useful index of successful, if effortful, 

engagement of inhibitory control ability.

ERP Recording and Data Reduction: EEG was recorded from 28 Ag/AgCl active 

electrodes, attached to an elastic cap (Brain Products ActiCap, Germany) in accordance with 

the extended 10–20 system (Jasper, 1958; see Figure 1).

Additional electrodes were placed on the outer canthi and below and above the left eye in 

order to monitor eye movements and blinks. During recording, scalp electrodes were 

referenced to the scalp vertex (FCz). Electrodes were also placed at the left and right 

mastoids for later offline algebraic re-referencing. The EEG signal was amplified with a .05–

100 Hz bandpass filter, and digitized online at a sampling rate of 500 Hz (Neuroscan 
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Synamps RT). EEG was digitized continuously along with accompanying stimulus codes 

used for subsequent averaging. Impedances were kept below 10 kΩ.

Offline data processing was carried out using EEGLAB (Delorme & Makeig, 2004) and 

ERPLAB (erpinfo.org/erplab) toolboxes for MATLAB. Prior to offline averaging, all single-

trial waveforms were screened for amplifier blocking, muscle artifacts, horizontal eye 

movements and blinks over epochs of 1000 ms, starting 200 ms before the onset of the 

critical word (i.e., the target noun). 17% of trials were excluded due to artifact, which did not 

differ across condition (F(2,46) = 0.52, p = .60). Average ERPs were computed over artifact-

free trials in all conditions. All ERPs were filtered offline with a Gaussian low-pass filter 

with a 25 Hz half-amplitude cutoff. Statistical analyses were then conducted on the filtered 

data.

Results and Discussion

Behavioral Data

Comprehension Accuracy: All participants performed well above chance on the true or 

false statements that followed filler items in the reading task. Out of the 40 total statements, 

average accuracy for the group was 90.10% (SD = 4.80%), ranging from 80.0 to 97.5%.

AX-CPT: The dependent variables of interest for the AX-CPT were reading times (RTs) and 

proportions of errors to the probe letters in the AY, BX, and BY conditions. Prior to 

analyzing participants’ performance, trials with probe response times below 100 ms and over 

2.5 standard deviations above the mean were removed, comprising 8% of the data. 

Participants produced the fewest errors in the AX condition, while errors to the BX and BY 

conditions were higher (see Table 2).

The AY condition produced the largest proportion of errors, suggesting that participants 

found this type of trial to be most difficult. A one-way ANOVA revealed a significant main 

effect of trial type (AY, BX, BY; F(2,71) = 9.40, p < .001). Planned contrasts were conducted 

to compare performance on the two most difficult trial types (AY and BX, due to their 

respective variance from the more expected AX trial type) and the baseline condition, BY, 

which required no change in motor response and did not directly conflict with the AX trials. 

Analyses indicated that the main effect of condition was driven by the higher proportion of 

errors in the AY condition vs. the BY condition (t(69) = 3.47, p = .001), rather than the BX 

vs. BY condition (t(69) = .51, p = .61). Reaction times to the probes (for correct trials only) 

followed a similar pattern, with a significant main effect of trial type (F(2,71) = 120.15, p < .

001) that was driven by the difference between the AY and BY conditions (t(69) = 13.30, p 
< .001), while the BX and BY contrast did not reach significance (t(69) = .25, p = .80). In 

general, monolingual participants appeared to have the most difficulty with responding to 

probes in the AY condition, suggesting an overreliance on proactive goal maintenance 

(reflecting overt preparation for an X probe following an A cue) and subsequent difficulty 

with reactive or inhibitory control (when an unexpected Y probe was encountered). For the 

purposes of the regression analyses, we calculated the average RTs to correct trials in the AY 

and BY conditions for each participant, ranging from 352 to 540 ms and 157 to 345 ms, 
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respectively. AY performance, therefore, should reflect difficulty with successful inhibition 

of a motor response, while BY performance should reflect overall speed of processing.

Verbal Fluency: We determined performance on the semantic category fluency task by 

calculating the total number of tokens produced across all four categories (M = 44, SD = 8). 

For the individual difference analyses, mean number of tokens was calculated for each 

participant (range: 31 to 65).

ERP Data—Three time windows of interest were selected for analysis (from 300 to 500, 

500 to 700, and 700 to 900 milliseconds after the onset of the critical target word) in order to 

assess changes in the typical N400 time window (typically elicited from 300 to 500 ms) and 

the early vs. late timecourse of the late frontal positive effect, which has been found between 

500 and 900 ms in prior studies. Mean amplitude was calculated for each time window in 

each of the three critical conditions, and repeated measures ANOVA were conducted using 

these data. For these analyses, the Greenhouse-Geisser correction for violation of sphericity 

was applied to all F-tests with more than one degree of freedom in the numerator.

As the goal was to investigate the effect of Unexpectedness in the reading task (i.e., the 

difference between the High Constraint, Expected and High Constraint, Unexpected 

conditions), the analyses reported below focus on this contrast. (For a more detailed analysis 

of the High vs. Low Constraint sentence conditions, comparing the processing of expected 

and neutral target words, see the Appendix.)

Effect of Unexpectedness: In order to investigate the topographic distribution of the effect 

of Unexpectedness, a subset of electrodes were chosen for analysis (see Figure 1): five 

frontal (F3, Fz, F4, FC1, FC2), five central (C3, Cz, C4, CP1, CP2), and five posterior (P3, 

Pz, P4, O1, O2) electrode sites, where the N400 and frontal positive effects related to 

prediction are typically maximal (e.g., Federmeier, Wlotko, De Ochoa-Dewald, & Kutas, 

2007).6 We first conducted repeated measures ANOVA with Unexpectedness, Anteriority 

(with three levels: frontal, central, and posterior), and Electrode (with 5 levels) as within-

participants factors (see Table 3). For all significant interactions with Unexpectedness and 

Anteriority, we then conducted separate repeated measures ANOVA for each electrode 

region (frontal, central, and posterior; see Table 4).

To summarize the ERP results reported below, we found evidence for an effect of 

Unexpectedness in the N400 time window across all regions, that was strongest over central-

posterior regions (see Figure 2). In addition, there was a significant frontal positive effect in 

the two later time windows that extended from the frontal to the central electrode region.

First, we report the results for the set of analyses with all electrode regions included. For the 

300 to 500 ms time window, there was an interaction between Unexpectedness and 

Anteriority, Unexpectedness and Electrode, as well as a three-way interaction between 

Unexpectedness, Anteriority, and Electrode. In the 500 to 700 ms time window, the two-way 

6Repeated measures ANOVA with Electrode as a within-participants factor (with 28 levels) revealed main effects of Unexpectedness 
and Unexpectedness by Electrode interactions in all time windows (Fs > 3.75, ps < .01).
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interactions of Unexpectedness by either Anteriority or Electrode remained significant. This 

was also true for the 700 to 900 ms window, which also produced a significant three-way 

interaction between Unexpectedness, Anteriority and Electrode.

Next, we report the results for the set of analyses with the electrode regions considered 

separately. For the frontal region, there was a significant Unexpectedness by Electrode 

interaction for all time windows, with unexpected targets eliciting an N400 that was only 

0.05 μV greater on average than that for expected targets, and a later positivity that was 1.13 

and 1.76 μV greater for the 500 to 700 and 700 to 900 ms windows, respectively. For central 

sites, there was a main effect of Unexpectedness and an Unexpectedness by Electrode 

interaction in the N400 time window, with a 1.61 μV larger N400 effect in the unexpected 

condition. A similar, but much smaller .09 μV negative difference appeared in the latest 700 

to 900 ms time window (reflected by an Unexpectedness by Electrode interaction). From 

500 to 700 ms, however, unexpected targets were more positive than expected targets (0.18 

μV difference; Unexpectedness by Electrode), much like the effect found for frontal sites, 

suggesting that this positivity was more widely distributed than expected. Analyses for the 

posterior region revealed an N400 effect of Unexpectedness and a late negative effect from 

700 to 900 ms (Unexpectedness by Electrode), with unexpected targets eliciting a 2.38 and 

0.29 μV larger negativity, respectively. This late negativity, like the one found for the central 

region, is difficult to interpret, but is possibly an indication that, for some participants, the 

N400 effect in response to unexpected targets occurred quite late and continued longer than 

is typically found in the literature.

Individual Difference Analyses: In order to determine the extent to which inhibitory 

control ability and verbal fluency may predict the magnitude of any effects of 

Unexpectedness, step-wise multiple regression analyses were conducted for the frontal, 

central, and posterior regions separately. For our dependent variables, we calculated the 

magnitude of the effect of Unexpectedness (i.e., the Unexpected minus Expected mean 

amplitude for each time window) by averaging across all electrode sites within each region 

for every participant. The independent variables were participants’ average RT performance 

for correct trials in the AY condition of the AX-CPT and average production performance in 

the verbal fluency task.

When assessing the independent influence of performance on the AX-CPT, it is possible that 

baseline speed of processing may more broadly boost effects, especially in the more difficult 

AY condition. To account for this possibility, we followed the steps taken by Braver and 

colleagues (2001) and conducted step-wise multiple regressions, with processing speed 

(average RTs for correct trials in the baseline BY condition) entered in the first step, and our 

other independent variables (AY and verbal fluency performance, as well as their 

interaction) in the second step. There was no significant correlation between processing 

speed in the BY condition and control in the AY condition. In addition, processing speed in 

the BY condition was only a significant predictor of Unexpectedness effect sizes for Frontal 

and Central electrodes in the 700 to 900 ms window, and was not a significant predictor 

when included in the full model (ps > .05). These two analyses also did not reveal any 

subsequent effects of control or fluency. As such, speed of processing did not appear to 
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impact our critical analyses, and we only report findings for AY and verbal fluency 

performance below.7

We expected that participants’ inhibitory control ability and verbal fluency would predict the 

magnitude of the frontal positive effects elicited by unexpected targets in the High 

Constraint condition. Critically, there was no significant correlation found between 

inhibitory control ability (i.e., AY performance on the AX-CPT) and verbal fluency (p < .

05). Correlation analyses (see Table 5) also indicated a significant positive relationship 

between control ability and the magnitude of the effect of Unexpectedness in all time 

windows for the frontal region. Longer RTs on correct trials in the AY condition, indicating 

difficulty with inhibiting an inappropriate response, were associated with a larger frontal 

positive ERP effect. No independent effects of verbal fluency were observed. In the multiple 

regression analyses (see Table 6), AX-CPT performance significantly predicted the 

magnitude of the effect of Unexpectedness for the frontal region, but only from 500 to 700 

ms [r = .54 (r2 = .29; p = .01)]. Figure 2 shows the topographic distribution of this ERP 

effect and Figure 3 shows the linear relationship between inhibitory control and the effect of 

Unexpectedness from 500 to 700 ms. This result confirmed the hypothesis that performance 

on the portion of the AX-CPT related to effortful engagement of inhibitory control would 

predict the magnitude of participants’ ERP response to unexpected words in highly 

semantically constraining contexts (as indicated by a frontal positive effect), when costs 

related to prediction error are most likely to have occurred. This suggests that the underlying 

mechanisms involved in resolving conflict when predictions are disconfirmed are related to 

those engaged during a non-linguistic response inhibition task like the AX-CPT.

Notably, in none of the analyses performed on the monolingual data in Experiment 1 was 

there any indication of modulation of the observed patterns as a function of verbal fluency or 

an interaction between verbal fluency and control (see Table 5 for correlational data; there 

were similarly no main effects or interactions with verbal fluency in the multiple 

regressions; ps > .14). Unlike results reported by Federmeier and colleagues (2010) for older 

adult monolinguals, the presence of a frontal positivity in response to unexpected words was 

not modulated by performance on the verbal fluency task, but only by individual differences 

in inhibitory control as indexed by AX-CPT performance. It is possible that young 

monolingual speakers are less likely to reveal individual differences in their ability to 

regulate their native language than older and more vulnerable adult monolinguals whose 

cognitive resources may be more stressed.

In summary, it appears that cognitive control ability, specifically inhibitory control, is 

recruited when readers encounter prediction errors in their native language. Monolingual 

readers who experienced more difficulty in the inhibition-demanding portion of the AX-CPT 

also tended to produce the greatest frontal positivity in response to unexpected targets. We 

interpret this finding as support for the idea that the frontal positivity reflects, at least in part, 

difficulty with negotiating conflict when predictions are disconfirmed. Once readers commit 

7All multiple regression analyses were also conducted using a composite score on the AY condition of the AX-CPT (i.e., summed z-
scores for RTs on correct trials and proportion of errors) to determine whether speed-accuracy tradeoff may have been driving the RT 
results. However, this led to no change in any of the reported results, including no change in model fit for our data.

Zirnstein et al. Page 17

Cognition. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to a particular prediction, when an unexpected, though plausible, word is encountered, 

inhibitory control processes appear to be engaged. This could be in order to mediate conflict 

between competing representations (i.e., the prediction and the word actually encountered), 

to specifically inhibit the previously generated prediction, or some combination thereof. This 

interpretation complements prior ERP work that has found consistent frontal positive effects 

of unexpectedness in young adult, monolingual readers (e.g., DeLong et al., 2012; 

Federmeier et al., 2002; 2007; 2010), but provides more insight into the nature of the 

prediction that is generally assumed to have been generated in these types of paradigms, and 

the type of work that readers must do when conflicts inevitably arise.

Experiment 2: Chinese-English Bilinguals

By utilizing an individual differences approach, the results from Experiment 1 indicated that 

inhibitory control ability can mediate the costs associated with prediction error when 

individuals are reading and comprehending in their native language. The goal in Experiment 

2 was to determine whether the ability to recruit control processes at this later stage in the 

prediction process can be utilized by individuals who are engaged in an even more resource-

demanding task: when they read in the L2. In Experiment 2, we tested highly proficient, 

young adult Chinese-English bilingual readers, using the same English sentence materials 

and individual differences approach.

Method

All methods were the same as those in Experiment 1, except for those described below.

Participants—Twenty-eight Chinese-English bilinguals (18 female), with an average age 

of 23 years (SD = 4.40; range: 18 to 33) participated in this experiment. All participants 

were native Chinese speakers, immersed at Pennsylvania State University but still dominant 

in Chinese, who reported high proficiency in Chinese (M = 9.28, SD = 0.68) and moderate 

to high proficiency in English (M = 7.30, SD = 1.21).

Procedure

Verbal Fluency Task: A verbal category fluency task was administered to participants in 

both of their languages (L1 = Chinese; L2 = English). Four semantic categories were 

presented for the L1 and for the L2, and categories did not overlap between languages. Two 

of the four categories in each language were animate, while the remaining two were 

inanimate, and within one language, order of presentation for categories was randomized. 

The fluency task in the L2 was always administered prior to the L1, and both were 

administered on separate days. Prior to each main task (L1 or L2), participants completed a 

practice trial.

ERP Recording and Data Reduction: 25% of trials were excluded due to artifact, which 

did not differ between conditions (F(2,58) = 1.09, p = .34).
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Results and Discussion

Behavioral Data

Comprehension Accuracy: Bilingual participants performed well above chance on the true 

or false questions, with an average accuracy rate of 83% (SD = 7.07; range: 70 to 95%).

AX-CPT: Trial rejection was carried out similarly to that in Experiment 1, resulting in the 

removal of 7% of trials overall. Participants produced fewer errors in the AX condition than 

any other condition (see Table 7). A one-way ANOVA with trial type (AY vs. BX vs. BY) as 

a within-participants factor was not significant (F(2,81) = 1.81, p = .17). Neither were 

planned contrasts of AY or BX trials vs. BY trials (ts < 2, ps > .05). However, a similar 

analysis for RTs to correct trials was significant (F(2,81) = 27.55, p < .001). This effect was 

driven by the difference between AY and BY trials (t(81) = 6.08, p < .001), but not BX vs. 

BY trials (t(81) = 0.64, p = .52). Similar to Experiment 1, these results indicated that 

bilingual participants had the most difficulty with inhibiting an incorrect response during the 

AY condition. For the individual difference analyses, average RTs to the AY condition 

(range: 331 to 632 ms), as well as the BY condition (range: 188 to 441 ms), were calculated 

for each participant.

Verbal Fluency: In order to assess participants’ performance on the semantic category 

fluency task, the total number of tokens across all four categories was calculated for each 

language. As is expected of an L1-dominant bilingual group, all participants produced 

significantly more tokens in their L1 (M = 49, SD = 8) than their L2 (M = 33, SD = 6; 

F(1,54) = 55.31, p < .001). For the individual difference analyses, total number of tokens 

was calculated for each participant in each language (L1 range: 32 to 66; L2 range: 23 to 

50).

ERP Data

Effect of Unexpectedness: As in Experiment 1, we conducted two sets of analyses to assess 

the magnitude and topography of any effect of unexpectedness: one with all electrode 

regions (frontal, central, and posterior) included, and the other with each region analyzed 

separately.8 To summarize the results reported below, this analysis of the response of all 

bilingual participants indicated an effect of unexpectedness in the form of a long-lasting, 

central-posterior N400. We also found evidence for a shift in ERP response across electrode 

regions in the later time windows. However, this did not correspond to a significant frontal 

positive effect in an analysis of the frontal electrode region alone. In general, these ERP 

effects pattern similarly to those found for monolinguals in Experiment 1.

First, we report the results for the analysis with all electrode regions included, with 

Unexpectedness, Anteriority (Frontal, Central, Posterior), and Electrode (5 levels) as within-

participants factors. There were significant Unexpectedness by Anteriority interactions in all 

time windows, as well as a main effect of Unexpectedness in the N400 time window and an 

Unexpectedness by Electrode interaction in the 500 to 700 ms window (see Table 8).

8See Appendix for individual difference analyses contrasting High vs. Low constraint sentence contexts and expected vs. neutral 
target words.
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Next, repeated measures ANOVA were conducted within each electrode region separately 

(see Table 9). Analyses for the central and posterior regions both indicated significant N400 

effects of Unexpectedness (with 1.61 and 2.38 μV larger negativities, respectively), which 

extended to the 500 to 700 ms time window for posterior sites (with a 0.41 μV difference). 

In contrast, there were no significant effects in the frontal region, which was supported by 

visual inspection of the grand average ERP waveforms (see Figure 4).

On initial view, this suggests that bilingual participants did not tend to produce a frontal 

positivity for unexpected targets in highly semantically constraining contexts. One 

interpretation for this result is that bilinguals reading in the L2 do not have the resources 

necessary to generate predictions online (e.g., Martin et al., 2013). However, as we saw in 

Experiment 1, the absence of a frontal positivity could instead be due to participants’ 

inhibitory control ability, a cognitive skill that has been shown to change as a function of 

second language experience (e.g., Bialystok et al., 2012). The reduction of the frontal 

positivity in response to prediction error could, therefore, reflect inhibition skill, a failure to 

generate a prediction, or some combination of the two within this group of bilingual readers. 

As such, we conducted two sets of individual difference analyses on these data in order to 

determine the extent to which not only cognitive control ability, but L2 proficiency (via L2 

verbal fluency performance in an L2 immersion context) and L1 regulation (via L1 verbal 

fluency performance in an L2 immersion context) may contribute to our ERP results. We 

expected that higher domain general inhibitory control ability would lead to a reduction in 

prediction error costs, but only for those bilingual readers whose ability to generate 

prediction in the L2 was either supported by their proficiency in the less dominant language, 

and/or their ability to regulate the demands imposed by parallel L1 and L2 activation. Thus, 

while inhibitory control ability was hypothesized to support recovery from prediction error, 

we counterintuitively expected that higher L2 proficiency or L1 regulation may exacerbate 

prediction error response in the ERPs.

Individual Difference Analyses: The dependent variable for the individual difference 

analyses was the magnitude of the effect of unexpectedness for each time window. However, 

as the bilingual participants were reading in their L2, we also assessed the degree to which 

inhibitory control ability and verbal fluency of both languages might influence the 

magnitude of this effect, and how the two might interact with inhibitory control ability. We 

first conducted a series of multiple regression analyses with L2 fluency, and then conducted 

a second set of analyses taking into account L1 fluency. Recall that we expected that for 

bilinguals, L2 fluency would reflect proficiency, whereas L1 fluency could index their 

language regulation ability (if negatively correlated with prediction error costs). For each 

analysis, we used centered participant scores in both tasks (verbal fluency and the AX-CPT). 

Importantly, there was no significant correlation between either L1 or L2 fluency 

performance and performance on the AY condition of the AX-CPT (ps < .05), supporting 

our argument that these fluency measures may more reliably index either L2 proficiency, or 

ability to regulate the L1 in a manner that relies on more than solely inhibitory skill. This 

partial independence of L1 regulation and domain general inhibition does not imply that 

these two processes are completely distinct, but allows us to examine how they may be 

recruited in different ways by bilingual readers during online L2 processing, and the ways in 
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which inhibitory skill may commonly support prediction error recovery across monolingual 

and bilingual readers alike.

We followed the same procedures as in Experiment 1, by conducting step-wise multiple 

regressions with speed of processing (RT performance in the baseline BY condition of the 

AX-CPT) entered in the first step, and control and fluency performance, as well as their 

interaction, entered in the second step.9 BY performance was not significantly correlated 

with AY performance. However, it did significantly predict the magnitude of the effect of 

Unexpectedness only for frontal electrodes in the 500 to 700 ms time window. In this region 

and time window, speed of processing impacted the magnitude of the frontal positivity, both 

in the L2 (r = .41 [r2 = .17; p = .01]) and L1 analyses (r = .41 [r2 = .17; p = .02]). This was 

also reflected in the correlation between the frontal positivity and BY performance (r = .41, 

p = .03). The faster bilingual participants performed on the baseline condition of the AX-

CPT, the smaller their frontal positivity tended to be. This suggests that, at least for 

bilinguals, faster speed of processing did not correspond with larger prediction error 

magnitude in the L2 (which would have resulted in the opposite pattern). Instead, bilinguals 

with better speed of processing showed a reduction in prediction error cost overall.

When considering the effect of processing speed on prediction error magnitude, we can 

interpret this finding in a number of ways. If the ability to predict in the L2 relies on 

cognitive resources, we would expect individuals with more available resources (and 

correspondingly faster speed of processing) to either a) generate a stronger prediction, b) 

generate a less graded prediction, and/or c) to be able to generate a prediction at all in the 

less dominant language. All of these potential outcomes should, in turn, lead to a greater 

prediction error and frontal positivity when that expectation is not met. This pattern is not 

observed in our data; faster speed of processing leads to a reduction in prediction error costs. 

Alternatively, better processing speed could be related to general executive function skill 

(although BY and AY performance was not correlated). Individuals with faster processing 

speed may be better able to quickly engage cognitive control in order to inhibit a previously 

formed expectation. Thus, speed of processing, language proficiency and regulation, and 

inhibitory control may additively contribute to a reduction in prediction error costs during 

online processing, especially in the L2. Importantly, including BY performance in the 

multiple regression analyses (that we report below) improved model fit, and did not impact 

subsequent results indicating whether control and fluency were significant predictors. The 

following results reflect the influence of control and fluency after speed of processing is 

taken into account.

Effect of L2 Fluency: Our initial hypothesis was that, as participants were reading in the 

L2, reduced fluency performance in the same language may reflect lower L2 proficiency and 

therefore lead to a reduction in any prediction effects. Specifically, we expected a reduction 

in prediction error costs, especially if high L2 proficiency is a requirement for successful L2 

prediction. This would be indicated by an interaction between inhibitory control and L2 

fluency, where bilinguals with high performance in both tasks would show the greatest 

9As in Experiment 1, we also conducted a second set of analyses with composite AY performance (taking into account both RTs and 
proportion of errors), which resulted in no change to the reported results.
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reduction in cost. However, as seen in Table 10, L2 fluency did not significantly correlate 

with the effect of unexpectedness in any time window or electrode region. Neither, in fact, 

did the interaction between L2 fluency and inhibitory control ability.

In the multiple regression analysis (see Table 11), L2 fluency did not prove to be a 

significant predictor of the effect of unexpectedness. However, the interaction between L2 

fluency and inhibitory control ability did significantly predict the effect of unexpectedness in 

the N400 time window for the posterior region [r = .47 (r2 = .22; p = .04)]. In order to 

examine in what way these two factors contributed to changes in the magnitude of this N400 

effect, we conducted simple slopes analyses to see how L2 fluency has an influence on the 

effect of unexpectedness at two levels of control ability: high vs. low (defined as 1 SD above 

and below the mean). The effect of L2 fluency did not reach significance for high levels of 

control (t(24) = .79, p = .44), but did for low levels of control (t(24) = 2.11, p = .04). As seen 

in Figures 5a, 5b, and 6a, the posterior N400 effect found for unexpected targets was most 

prominent for bilinguals with high L2 fluency and low levels of control (−2.36 μV in 

comparison to −0.91 μV for low fluency individuals who were also low in control), while no 

change in the effect of unexpectedness was observed for bilinguals with low L2 fluency, 

regardless of their control ability (high control: −1.12 μV; low control: −1.23 μV). Having 

high L2 fluency appears to have increased the magnitude of the N400 effect for unexpected 

words, a processing cost that was then reduced for those who performed well on the control 

task.

Contrary to what we expected, L2 fluency did not appear to play a role in determining 

whether bilinguals would generate a frontal positivity in response to prediction error, and 

instead influenced the magnitude of the N400 effect found for unexpected targets. Bilinguals 

with higher L2 fluency appeared to be more sensitive to the contextual fit of the unexpected 

target word, resulting in the potential for a larger N400 effect, and subsequently recruited 

control processes in order to more easily access and integrate this word in the sentence 

context. Notably, the Chinese-English bilingual participants recruited for this experiment 

were all enrolled as students in a university in the United States, and had, therefore, already 

met a very high criterion for English proficiency. With this in mind, this L2 fluency effect 

may relate to variability in L2 ability above and beyond a traditionally high threshold for 

acceptance into a university in an English-immersed environment.

Effect of L1 Fluency: Despite the fact that L2 fluency performance did not significantly 

predict modulation of prediction error costs (at least for the frontal positivity), our second 

hypothesis was that fluency performance in a bilingual reader’s dominant language might be 

a more suitable measure for language-related regulation ability. In particular, the L2 

immersion context in which our bilingual participants were tested should have made the 

effort required to de-regulate the L1 during the fluency task even more pronounced. In 

contrast to the monolinguals in Experiment 1, bilinguals’ performance in the L1 fluency task 

relied not only on their ability to select appropriate responses (i.e., by avoiding repetition 

and tokens that were too highly semantically related), but also on their ability to restrict 

those responses to the appropriate language: the L1. De-regulating and producing words in 

the L1, following either a similar task in the L2 or while being immersed in an L2 

environment, has been reported to be difficult for bilingual speakers (e.g., Linck et al., 2009; 
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Van Assche et al., 2013). As such, performance on the L1 fluency task may reflect 

bilinguals’ regulation skill, and the effect of L1 fluency on prediction costs may also pattern 

quite differently from the effect of L2 fluency, which is more likely to reflect proficiency.

As seen in Tables 12 and 13, L1 fluency did indicate whether bilingual L2 readers were 

likely to experience prediction error costs. The interaction between inhibitory control and L1 

fluency was significantly positively correlated with the magnitude of the effect of 

unexpectedness in the 500 to 700 ms time window for the frontal region (r = .37, p < .05). 

As L1 fluency increased, so too did the magnitude of prediction costs, suggesting that 

regulation of the L1, and not cross-language interference per se, was important for bilinguals 

to be able to generate predictions in their less proficient L2. The same effect was only 

marginally significant in the central region for the same time window (r = .35, p = .06; 

although there was a significant correlation with L1 fluency alone: r = .37, p < .05).

In the multiple regression analyses, the interaction between control and L1 fluency 

significantly predicted the magnitude of the effect of unexpectedness from 500 to 700 ms in 

both the frontal region [r = .66 (r2 = .43; p = .04)] and the central region [r = .54 (r2 = .29; p 
= .03)], and there was also a main effect of L1 fluency in the central region (p = .03). Simple 

slopes analyses were conducted to determine how L1 fluency influenced the magnitude of 

the effect of unexpectedness at two levels of control ability (high vs. low; calculated in the 

same way as with L2 fluency) in both electrode regions. While the effect of L1 fluency did 

not reach significance for high levels of control (ts(24) < .55, ps > .59), there were 

significant effects for low levels of control (frontal: t(24) = 2.66, p = .01; central: t(24) = 

3.04, p < .01). As seen in Figures 6b and 6c, L1 fluency modulated whether participants 

generated a larger frontal positivity, or a larger negativity in the central region, in the 500 to 

700 ms time window. Specifically, having better L1 regulation ability (i.e., higher L1 fluency 

performance in an L2 immersion context) led to a greater positivity in the frontal region, 

which was then modulated by control ability (high control: 0.03 μV; low control: 1.79 μV). 

In contrast, bilinguals with poorer L1 regulation skill showed evidence for a larger 

negativity, even in frontal electrode sites, that was subsequently attenuated by control (high 

control: −0.10 μV; low control: −1.44 μV). The topographic distribution of the positivity was 

more frontal, as indicated by a similar, but weaker effect in central electrode sites for 

bilinguals with better L1 regulation (high control: −0.29 μV; low control: 0.64 μV). In 

contrast, the delayed negativity found in frontal sites was stronger in the central region for 

bilinguals with poorer regulation skill (high control: −0.79; low control: −2.35 μV).

The presence of ERP costs reflecting sensitivity to prediction error was therefore most 

evident for bilinguals with better language regulation skill, while bilinguals with poorer 

regulatory ability appeared to elicit a delayed and centrally-distributed negativity.10 Across 

the board, both of these ERP effects were reduced for participants who performed well on 

the inhibition-demanding portion of the AX-CPT.

10It is difficult to interpret the presence of this delayed negativity, as it differs in both time-course and topographic distribution from 
the canonical N400 found for the effect of L2 fluency and control. In addition, the presence of a frontally-distributed positivity in the 
same time window may have influenced the magnitude of this negativity, especially for bilingual readers who showed the greatest 
sensitivity to prediction error. We therefore interpret this effect as a consequence of overlapping ERP components, and not as an 
indication of an alternative linguistic process on the part of some of the bilingual readers in this experiment.
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In general, these results confirmed the hypothesis that inhibitory control ability and verbal 

fluency jointly influence the magnitude of the cost of prediction error in bilingual readers. 

This effect is typically observed, as in our study, as a late frontal positivity, which is often 

interpreted as a repercussion of having a prediction disconfirmed. If this is the case, our 

findings suggest that appropriately regulating and de-regulating the dominant L1 is a strong 

indicator that a bilingual reader will generate predictions online during L2 reading. 

However, just as we found for the monolinguals in Experiment 1, cognitive control ability, 

specifically better inhibitory control, can still attenuate processing costs when prediction 

errors occur.

General Discussion

In the two experiments presented in this paper, we have demonstrated that cognitive control 

plays a direct role when readers encounter prediction errors in the native and non-native 

language. We provide evidence showing that individual differences in L1 and L2 ability can 

impact this process for bilinguals, and demonstrate how domain-general control processes 

can be recruited, by both native and non-native readers, in order to overcome conflict when 

prediction errors occur. For monolinguals reading in their native language, inhibitory control 

ability influenced whether readers who had previously committed to a prediction 

subsequently encountered difficulty when that prediction was not verified. Native language 

readers who exhibited better inhibitory control ability in a non-linguistic task experienced 

less difficulty with prediction error, as evidenced by a reduced frontal positivity, while native 

readers with poorer inhibitory control experienced the greatest cost. These effects were 

independent of native language ability, at least for the young adult monolingual participants 

in the current study, suggesting that prediction error costs, and their attenuation by control, 

may extend beyond the language domain.

In combination with this inhibitory effect, there is a reasonable likelihood that the magnitude 

of the prediction error observed in the ERP record is also related to the strength or gradation 

of the prediction that had previously been generated. However, if the magnitude of the error-

related signal was solely due to prediction strength, and not attempts to revise or suppress 

the error, then we would expect to see a reduced or no significant relationship between 

domain general inhibitory control ability and prediction error costs. Instead, we observed a 

significant relationship between inhibition ability and predicton error. Alternatively, one 

might expect inhibitory control ability, and potentially a broad range of executive functions, 

to support the generation of predictions online. If this were indeed the case, then readers 

with better inhibitory control ability should have been the most sensitive to disconfirmed 

predictions in the reading task. In constrast, we find the opposite pattern, suggesting that 

while prediction generation strength is indeed important, inhibitory control ability still 

mediates whatever costs may arise as a result of prediction error. In addition, the findings 

discussed above were also replicated for non-native reading, suggesting that the underlying 

mechanisms that support prediction are similar for L1 and L2 readers (e.g., Kaan, 2014). 

Bilinguals reading in their non-native L2 are not only capable of generating predictions 

online, but can be similarly susceptible to prediction error.
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Bilinguals reading in the L2 experienced greater costs if they had poorer inhibitory control, a 

pattern of effects also found for native monolingual readers. These results may explain 

discrepant findings in prior work on L2 prediction (Martin et al., 2013) that have suggested 

that bilingual readers either may not be able to generate predictions when reading in the L2 

or that the predictions they generate do not come online quickly enough to elicit typical 

prediction benefits and costs (but see Foucart et al., 2014). As we have seen in the current 

study, readers may not appear to incur prediction costs if they are also skilled inhibiters. 

Prediction, therefore, may be a particularly useful reading strategy for both monolinguals 

and bilinguals, assuming that their inhibitory control ability can compensate for any possible 

conflicts. Critically, this interplay between prediction and domain general cognitive skill was 

revealed only when individual cognitive and linguistic skill was taken into account. The 

current study, therefore, highlights the importance of using individual differences to further 

our understanding of the neurological basis of language and cognition (e.g., McLaughlin et 

al., 2010; Tanner, Inoue, & Osterhout, 2014; for further discussion, see Boudewyn, 2015; 

Fricke, Zirnstein, Navarro-Torres, & Kroll, under review).

The findings from this study also reveal the potential impact that bilingual language use 

might in turn have on language comprehension itself. The relationship between bilingual 

language regulation and inhibitory control in the current study was complex. While domain 

general inhibitory control ability aided prediction error recovery more generally, regardless 

of bilingual status, better language regulation skill counterintuitively led to greater 

processing costs. This suggests that bilinguals who are highly proficient in the L2, and who 

also demonstrate skill in regulating the relative activation of their languages to suit the task 

at hand, may be a prime example of the type of readers one would expect to engage in L2 

prediction. They may additionally be more likely to utilize their inhibitory control when 

overcoming conflict online. As bilinguals continue to gain experience in switching between 

and regulating their two languages, they learn to mediate the costs that arise when their L1 

and L2 conflict or otherwise compete for selection (Kroll & Dussias, 2013). In large part due 

to this experience, it has been shown that bilingual experience across the lifespan often has 

an impact on domain-general executive function skill (e.g., Bak et al., 2014; Bialystok et al., 

2012; Gold et al., 2013). This suggests that the brain networks that support domain-general 

cognitive control are recruited when bilinguals experience language conflict and are 

subsequently adapted in a manner that should support future, controlled language use (Green 

& Abutalebi, 2013; see Hsu & Novick, 2016, Loncke et al., 2011, and Teubner-Rhodes et 

al., 2016, for recent evidence on the interplay between language processing and cognitive 

control). In particular, the ability to regulate the language not currently in use (e.g., the 

dominant L1 when engaged in the L2) is a critical skill that supports proficient language 

production and comprehension for bilinguals. Our data, therefore, point to an aspect of L2 

comprehension that actively engages these regulatory processes that have been implicated as 

critical for bilingual language use. Future work will need to address the extent to which 

subcomponents of the cognitive control network, such as inhibitory control ability, are 

recruited to support language regulation, the extent to which each process is weighted, and 

how this ultimately impacts online comprehension.

To what extent, then, does the prediction process differ for bilinguals and monolinguals? We 

investigated the demands that prediction imposes when individuals read in the L1 or the L2, 
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and how readers utilize their inhibitory control ability to overcome these demands. However, 

to fully address the extent to which bilinguals engage in predictive processing of text, one 

would need to test the same bilingual readers in both their L1 and their L2. Although it is 

beyond the scope of this paper to address this issue, we believe that these results highlight 

several intriguing possibilities for how L1 prediction might differ for bilinguals versus 

monolinguals. As discussed previously, there may be benefits for bilinguals in contrast to 

monolinguals in terms of their ability to suppress irrelevant or conflicting information. If this 

is the case, two potential patterns might emerge. First, L1 prediction for bilinguals might 

pattern quite differently than for monolinguals, especially when these readers are faced with 

an unexpected prediction error. Bilinguals, especially those with more lifetime experience in 

regulating language conflict, might be more capable of recovering following a prediction 

error, an effect that could potentially be reflected in a lower amplitude frontal positivity in 

contrast to their monolingual peers (an effect that would support neuroimaging work 

showing that there are enduring consequences of bilingualism for processing in the L1; 

Parker et al., 2012).

Second, these effects for bilinguals might also extend to recovery from prediction error in 

other cognitive domains. The current study and prior research both suggest that it may be 

necessary for bilingual readers to tap into these regulatory and inhibitory control 

mechanisms in a different way than monolinguals do (e.g., Morales et al., 2013). A critical 

aspect of bilingual reading, for example, is that the non-target language often conflicts or 

interferes with target language processing, a problem that monolingual readers, by 

definition, do not experience. As we have demonstrated, efficient regulation of the non-

target language has a direct impact on the predictions that bilinguals can generate in their 

L2, and the subsequent costs they experience when errors arise. This pattern of behavior 

may provide beneficial changes to bilingual speakers’ ability to recruit cognitive control 

ability during resource-demanding tasks across multiple cognitive domains. Naturally, this 

transfer of skill would heavily depend on the nature of the bilingualism of the readers being 

tested, and the impact that bilingual experience itself has had on language processing ability 

in both the L1 and L2, which can be quite varied (e.g., Dussias, Marful, Bajo, & Gerfen, 

2010). In the future, examining bilingual performance in both the L1 and L2, as well as in 

prediction paradigms in other cognitive domains, may reveal not only the consequences of 

having experience in negotiating language-related conflict, but also tell us something about 

how bilingual experience can impact cognition more broadly.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix

It is possible that an analysis of the high vs. low constraint sentence contexts may reveal 

patterns of behavior related to prediction and the use of inhibitory control in online reading. 

Low semantic constraint, in this type of paradigm, does not mean that there is no constraint 
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whatsoever, but rather that the level of constraint is lower than in the ‘high’ condition. Thus, 

even the low constraint sentence contexts could induce prediction mechanisms, and neutral 

words, when encountered by the reader, may also elicit prediction error costs like those 

found for unexpected words in high constraint contexts.

To assess the degree to which neutral vs. expected words might elicit similar effects of 

control and fluency as those found with unexpected vs. expected words, we conducted a 

series of correlational and step-wise, multiple regression analyses, like those conducted for 

the main analysis of Unexpectedness (for more details, please refer to the Results section). 

First, we report analyses for monolinguals reading in the native language.

The magnitude of the effect of encountering a neutral vs. expected word did not correlate 

with verbal fluency or control performance in any of the three time windows for 

monolinguals (ps > .06). In a multiple regression analysis in the 500 to 700 ms time window, 

control ability significantly predicted the magnitude of a frontally-distributed positivity for 

neutral words (r = .49 [r2 = .24, p = .03]); see Figures 1a and 1b). There were no significant 

effects for fluency or fluency by control interactions. Thus, it appears that for monolingual 

readers, neutral words in lower constraint sentence contexts also elicit costs that can be 

mediated by inhibitory control, suggesting that native readers engage in prediction processes 

even for moderately constrained sentences.

However, to what extent does low contextual constraint engage prediction processes for L2 

readers? For bilinguals reading in the L2, control ability significantly correlated with the 

magnitude of neutral word cost in the 500 to 700 ms time window, but only for Posterior 

electrodes (r = −.42, p = .03). In the 700 to 900 ms time window, speed of processing, as 

calculated by average RT for correct trials in the control BY condition of the AX-CPT, 

significantly correlated with the magnitude of neutral word cost for frontal electrodes (r = .

41, p = .03). No other correlations reached significance (ps > .05).

Multiple regression analyses for the effect of L2 fluency and inhibitory control revealed 

significant effects for the N400, both in the typical 300 to 500 ms time window and beyond 

(from 500 to 700 ms). From 300 to 500 ms, L2 fluency significantly predicted neutral word 

costs in posterior electrodes (r = .52 [r2 = .27, p = .02]), with greater L2 fluency leading to 

the largest cost for neutral words, and so also the greatest benefit for expected words (see 

Figures 2a and 2b). From 500 to 700 ms, control performance alone predicted neutral word 

cost, also for posterior electrodes (r = .49 [r2 = .24, p = .02]; this main effect of control was 

also found in the multiple regression analysis for L1 fluency: r = .51 [r2 = .26, p = .03]). 

Bilinguals with better inhibitory control had a reduced posterior negativity in this time 

window, while those individuals with poorer control had a larger and more delayed 

negativity for neutral words (see Figure 2c). Across all time windows and electrode regions, 

there was no effect of L1 fluency.

To summarize, bilingual readers did show effects of control and fluency when we contrasted 

neutral vs. expected target words. Just like in the unexpected vs. expected analysis, L2 

fluency impacted the magnitude of the N400 effect for words that were less supported by 

context, with poorer L2 proficiency leading to a greater cost for neutral or less expected 
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words. Whether this N400 effect extended to the 500 to 700 ms window was mediated by 

control ability, with lower control bilinguals eliciting larger and later N400 effects. In 

contrast with monolingual readers, for bilingual readers, we did not find any evidence of a 

frontal positivity for neutral words. This may indicate that L2 readers do not engage in 

prediction processes and recovery from prediction error the same way in moderately 

constrained contexts as monolingual or native readers. High contextual constraint itself may 

serve as a cue to L2 readers that predictive reading strategies are likely to be useful in that 

moment, and not add undue burden to the already taxing task of reading in the less dominant 

language.
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Figures 1a and 1b. 
Results for Monolinguals. 1a shows grand average ERP waveforms for the effect of Neutral 

vs. Expected words. Waveforms are depicted across three representative electrodes in the 

frontal, central, and posterior regions. 1b shows the linear relationship between AX-CPT 

performance (in milliseconds) and Neutral word effect size (in microvolts) in the frontal 

region from 500 to 700 ms. Faster reaction times (RTs) in the AY condition of the AX-CPT 

indicate better performance, while slower RTs indicate poorer performance.
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Figures 2a, 2b, and 2c. 
Results for Bilinguals. 2a shows grand average ERP waveforms for the effect of Neutral vs. 

Expected words. Waveforms are depicted across three representative electrodes in the 

frontal, central, and posterior regions. 2b shows the linear relationship between L2 fluency 

(number of words produced) and Neutral word effect size (in microvolts) in the posterior 

region from 300 to 500 ms. Greater number of words produced indicates higher fluency 

performance. 2c shows the linear relationship between AX-CPT performance (in 

milliseconds) and Neutral word effect size (in microvolts) in the posterior region from 500 to 

700 ms. Faster reaction times (RTs) in the AY condition of the AX-CPT indicate better 

performance, while slower RTs indicate poorer performance.
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Highlights

• Readers incur processing costs when prediction error occurs in the L1 and L2.

• Inhibitory control ability mediates prediction error costs in the L1 and L2.

• Prediction in the L2 depends on the ability to regulate the native language.

• Bilingualism provides a rich context for the study of control and 

comprehension.

• The effect of control on prediction error may extend beyond the language 

domain.
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Figure 1. 
Scalp montage of recording electrodes with frontal, central, and posterior regions 

highlighted.
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Figure 2. 
Grand average ERP waveforms and topographic maps for the effect of Unexpectedness in 

Monolinguals. Waveforms are depicted across nine representative electrodes in the frontal, 

central, and posterior regions. The topographic maps indicate the magnitude of the effect of 

Unexpectedness (unexpected – expected) in High Constraint conditions across all time 

windows.
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Figure 3. 
Linear relationships between AX-CPT performance (in milliseconds) and Unexpectedness 

effect size (in microvolts) in the frontal region from 500 to 700 ms for Monolinguals. Faster 

reaction times (RTs) for correct trials in the AY condition of the AX-CPT indicate better 

control performance, while slower RTs indicate poorer performance.
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Figure 4. 
Grand average ERP waveforms and topographic maps for the effect of Unexpectedness in 

Bilinguals. Waveforms are depicted across nine representative electrodes in the frontal, 

central, and posterior regions. The topographic maps indicate the magnitude of the effect of 

Unexpectedness (unexpected–expected) in High Constraint conditions across all time 

windows.
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Figures 5a and 5b. 
Topographic maps for the effect of Unexpectedness in (A) High Control Bilinguals and (B) 

Low Control Bilinguals. The topographic maps indicate the magnitude of the effect of 

Unexpectedness (unexpected–expected) in High Constraint conditions in the 300 to 500 and 

500 to 700 ms time windows. (For illustrative purposes, participants were grouped according 

to a median split on their performance in the AY condition of the AX-CPT. High control 

bilinguals responded correctly to AY trials at an average speed of 397 ms, while low control 

bilinguals performed more slowly, with response times averaging 490 ms. )
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Figures 6a, 6b, and 6c. 
Simple slopes plots for the influence of Verbal Fluency on the effect of Unexpectedness at 

High and Low levels of control ability for Bilinguals. (A) shows the simple slopes results for 
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L2 fluency and the posterior region from 300 to 500 ms, (B) for L1 fluency and the frontal 

region from 500 to 700 ms, and (C) for L1 fluency and the central region from 500 to 700 

ms. All plots demonstrate the magnitude of the effect of Unexpectedness at High and Low 

levels of Fluency (L1 or L2) for High Control bilinguals (solid line) and Low Control 

bilinguals (dotted line).
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Table 1

Example sentences for each of the three conditions in the reading task.

Sentence Stem Target Sentence Ending

High Constraint; Expected Word

 After their meal, they forgot to leave a tip for the waitress.

High Constraint; Unexpected Word

 After their meal, they forgot to leave a ten for the waitress.

Low Constraint; Neutral Word

 Before leaving, they were asked to leave a tip for the waitress.

Note: ERPs were time-locked to target words.
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Table 2

Mean proportions of errors and reaction time performance on the AX-CPT for monolinguals.

Errors Reaction Times (ms)

Monolinguals

 AX .07 (.06) 298 (37)

 AY .27 (.16) 407 (49)

 BX .11 (.13) 223 (45)

 BY .13 (.14) 226 (46)

Note: Standard deviations are reported in parentheses.
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Table 5

Correlations between Control, Verbal Fluency, and their interaction with the effect of Unexpectedness for 

Monolinguals.

Control VF C x VF

300 to 500 ms Frontal .42* .13 .33

Central .32 .08 .17

Posterior .22 .01 .09

500 to 700 ms Frontal .43* −.06 .23

Central .31 −.07 .08

Posterior .22 .01 .09

700 to 900 ms Frontal .41* .01 −.05

Central .20 −.03 −.16

Posterior .00 −.07 −.13

Note: VF = Verbal Fluency, C = Control (AX-CPT performance was based on correct RTs to the AY condition only). All correlations reported here 
are based on centered variables used in the multiple regression analyses. Control, Verbal Fluency, and their interaction term were not significantly 
correlated (ps>.05).

Note:

*
p<.05.
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Table 6

Unstandardized (b) and standardized partial coefficients (β) and significance levels (p) for multiple regression 

analyses on the relationship between Cognitive Control, Verbal Fluency, and Unexpectedness in the 500 to 700 

millisecond time window for Monolinguals.

Predictor b β p

Frontal Constant .868

Control .028 .533 .01*

VF −.122 −.319 .14

C x VF .001 .191 .34

Central Constant .118

Control .021 .401 .09

VF −.095 −.246 .30

C x VF .000 .048 .82

Posterior Constant −.494

Control .013 .256 .30

VF −.042 −.117 .63

C x VF .000 .065 .78

Note: VF = Verbal Fluency, C = Control.
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Table 7

Mean proportions of errors and reaction time performance on the AX-CPT for bilinguals.

Errors Reaction Times (ms)

Bilinguals

 AX .07 (.06) 331 (51)

 AY .16 (.15) 440 (67)

 BX .20 (.21) 275 (128)

 BY .11 (.16) 290 (66)

Note: Standard deviations are reported in parentheses.
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Table 10

Correlations between Control performance, L2 Verbal Fluency, and their interactions with the effect of 

Unexpectedness for Bilinguals.

Control L2 VF C x L2 VF

300 to 500 ms Frontal −.12 −.08 .00

Central −.12 −.04 −.19

Posterior −.25 −.06 −.28

500 to 700 ms Frontal −.02 .07 −.08

Central −.13 .14 −.19

Posterior −.32 .09 −.16

700 to 900 ms Frontal .12 .03 −.02

Central .09 .09 −.16

Posterior −.17 −.01 −.16

Note: VF = Verbal Fluency, L2 = English, C = Control (AX-CPT performance was based on correct RTs to the AY condition only). All correlations 
reported here are based on centered variables used in the multiple regression analyses. Control, L2 Verbal Fluency, and their interaction term were 
not significantly correlated (ps>.05).
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Table 11

Unstandardized (b) and standardized partial coefficients (β) and significance levels (p) for multiple regression 

analyses on the relationship between Cognitive Control, L2 (English) Verbal Fluency, and Unexpectedness in 

the 300 to 500 millisecond time window for Bilinguals.

Predictor b β p

Frontal Constant −.599

Control −.004 −.142 .49

L2 VF −.038 −.128 .58

C x L2 VF .000 −.074 .75

Central Constant −1.172

Control −.004 −.165 .41

L2 VF −.052 −.199 .38

C x L2 VF −.001 −.294 .20

Posterior Constant −1.477

Control −.006 −.322 .09

L2 VF −.063 −.301 .15

C x L2 VF −.001 −.439 .04*

Note: L2 = English, VF = Verbal Fluency, C = Control.

Cognition. Author manuscript; available in PMC 2019 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zirnstein et al. Page 54

Table 12

Correlations between Control performance, L1 Verbal Fluency, and their interactions with the effect of 

Unexpectedness for Bilinguals.

Control L1 VF C x L1 VF

300 to 500 ms Frontal −.12 .05 .35◆

Central −.12 .07 .17

Posterior −.25 .08 .11

500 to 700 ms Frontal −.02 .32 .37*

Central −.13 .37* .35◆

Posterior −.32 .28 .31

700 to 900 ms Frontal .12 .32 .24

Central .09 .33 .22

Posterior −.17 .23 .26

Note:

*
p<.05,

◆
p<.06;

VF = Verbal Fluency, L1 = Chinese, C = Control (AX-CPT performance was based on correct RTs to the AY condition only). All correlations 
reported here are based on centered variables used in the multiple regression analyses. Control, L1 Verbal Fluency, and their interaction terms were 
not significantly correlated (ps>.05).
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Table 13

Unstandardized (b) and standardized partial coefficients (β) and significance levels (p) for multiple regression 

analyses on the relationship between Cognitive Control, L1 (Chinese) Verbal Fluency, and Unexpectedness in 

the 500 to 700 millisecond time window for Bilinguals.

Predictor b β p

Frontal Constant .022

Control −.009 −.243 .21

L1 VF .081 .300 .07

C x L1 VF .001 .346 .04*

Central Constant −.712

Control −.003 −.093 .59

L1 VF .109 .398 .03*

C x L1 VF .001 .382 .03*

Posterior Constant −1.240

Control −.009 −.291 .10

L1 VF .074 .307 .09

C x L1 VF .001 .318 .08

Note: L1 = Chinese, VF = Verbal Fluency, C = Control.
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