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Abstract
The question of interest in this study was whether bilingual individuals show
superior executive control compared to monolingual participants. Findings
are mixed, with studies showing advantage, disadvantage, or no difference
between bilingual and monolingual speakers. In this study, we used different
experimental conditions to examine implicit learning, resistance to interference, monitoring, and switching, independently. In addition, we matched
our monolingual and bilingual participants on baseline response time. Bilingual participants demonstrated faster implicit learning, greater resistance to
interference, more efficient switching compared to monolingual participants.
The groups did not differ in monitoring. In conclusion, depending on task
complexity and on the target executive control component, there are different patterns of bilingual advantage, beyond the global faster processing
speed documented in previous studies. Bilingual young adults showed more
efficient adjustments of the cognitive system in response to changes in task
demands.
Keywords: bilingual advantage, cognitive flexibility, executive control, speed
of processing
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Introduction

One of the most widely discussed research questions in the bilingualism literature is
whether individuals who speak more than one language show superior executive control
compared to monolingual participants. Despite the relatively large number of studies investigating executive processing in monolingual and bilingual young adults, the findings are
inconsistent (Hilchey, Aubin, & Klein, 2015). Some authors report a bilingual advantage
in specific executive functions, such as conflict resolution (Costa, Hernández, & SebastiánGallés, 2008) or selective attention (Salvatierra & Rosselli, 2011), while others suggest that
bilingual individuals only show a more general processing advantage compared to their
monolingual peers (Hilchey & Klein, 2011). A third group of investigators argues that
there is no difference in executive control between bilingual and monolingual participants
(Yudes, Macizo, & Bajo, 2011).
There are a number of contributing factors that have been identified in the literature with regards to these contradictory findings. These critical issues can be categorized
as variations in participants’ profiles, such as language history, type of bilingualism, age,
education, etc. (Hernández, Martin, Barcelo, & Costa, 2013), a lack of sensitive executive
function tasks (Kousaie, Sheppard, Lemieux, Monetta, & Taler, 2014; Marton, 2015), and
inconsistencies across target functions and task conditions (Paap & Greenberg, 2013). Many
executive processing tasks target various underlying functions (Valian, 2015) and show no
correlation with each other (Paap & Greenberg, 2013).
Furthermore, there is little evidence to date regarding what aspects of the bilingual
experience may be linked to components of executive control. The present study was designed within a cognitive control framework, which emphasizes flexibility and adaptation
(Botvinick, Braver, Barch, Carter, & Cohen, 2001). We chose this framework because in
everyday situations bilingual individuals may often need to switch between their languages
or avoid doing so. Depending on the context, they either complete the switch or resist the
interference and keep performing the current task while monitoring performance.
Recently, Green and Abutalebi (2013) have put forward the adaptive control hypothesis in which they articulate subcomponents of the control system and link them to various
bilingual contexts. For example, a bilingual individual who communicates with a monolingual person must suppress one of his languages, whereas a bilingual individual who is
engaged in a dense code-switching language context must identify cues in the conversation
and engage or disengage in one language or the other accordingly. These two individuals exercise differing aspects of control as they adapt their cognitive system to different tasks and
contexts (Green & Abutalebi, 2013). Task demands guide our behavior but adjustments are
needed according to variations in performance. One well-known example for such adjust-

The stimuli for this study were developed within a project that was supported by a grant from
the National Institutes of Health - National Institute on Deafness and Other Communication Disorders,
1R15DC009040-01, entitled "The Impact of Inhibition Control on Working Memory in Children With SLI",
awarded to Klara Marton, principal investigator. The study was further supported by an internal PSCCUNY grant entitled "Executive Functions and Language Processing Across the Lifespan" awarded to Mira
Goral, principal investigator.
Correspondence: Klara Marton, Speech-Language-Hearing Sciences, The Graduate Center, CUNY, 365
Fifth Avenue, New York, NY 10016, USA. E-mail: kmarton@gc.cuny.edu
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ments is the increase in both accuracy and speed of processing following an error (post error
slowing; Botvinick et al., 2001). Another example for adjustment is that repeated exposure
to a stimulus results in strengthened memory representations, consequently in a decrease
in susceptibility to interference (Morton & Munakata, 2002). Henik and colleagues showed
that participants exhibit more interference in the first couple of trials in each block of the
Stroop task than in consecutive trials (Henik, Bibi, Yanai, & Tzelgov, 1997). We explored
both of these phenomena in the present study because previous research has suggested that
bilingual individuals show superior skills in adjusting to different executive processing mechanisms (Morales, Gómez-Ariza, & Bajo, 2013). Understanding the effects of bilingualism on
specific control processes may be the key to resolving the inconsistencies in the literature.
1.1

What do Executive Control Tasks Measure?

A large number of previous studies on executive processing in young adults included
tasks that measured a number of functions simultaneously. Kousaie and colleagues (2014)
found no bilingual advantage in younger and older adults with various well-known neuropsychological tests, such as the Wisconsin Card Sorting Test (WCST), the Simon and Stroop
tasks, as well as the digit span task from the Wechsler Adult Intelligence Scale. One of the
problems is that most of these tests were designed at a time when theoretical models did
not include specific executive components and neuropsychological tests were developed to
measure frontal lobe functions in more global ways. For example, the WCST simultaneously
measures inhibition, working memory and switching. Thus, even if bilingual individuals had
better switching skills than monolingual participants, the results of the WCST would not
necessarily show this group difference because the task also measures other executive components and provides global scores. Further, the WCST measures overlapping sources of
errors that cannot be dissociated, therefore the same errors, such as perseveration, may be
explained by pointing to various causes (Eling, Derckx, & Maes, 2008). The test also shows
psychometrically weak validity (O’Donnell, MacGregor, Dabrowski, Oestreicher, & Romero,
1994). Kousaie and colleagues (2014) noted in their discussion that the lack of group difference between bilingual and monolingual participants in their study may be related to the
lack of task sensitivity.
Based on our review of the literature on bilingualism, we suggest that tasks that
comprise experimental manipulations and target more specific executive components are
more likely to obtain group differences between bilingual and monolingual individuals. For
example, Costa et al. (2008) found that bilingual young adults differed from monolingual
young adults along various measures on the Attentional Network Task (ANT; Fan, McCandliss, Sommer, Raz, & Posner, 2002), which consists of different experimental conditions.
Compared to monolingual participants, their bilingual participants showed faster processing
speed across conditions, as well as greater improvement in performance in the cue condition
compared to the no-cue condition, less interference in the incongruent flanker condition,
and smaller switch cost, particularly for the congruent trials.
A further question related to task type is whether the bilingual advantage reflects superior overall processing speed generally, as suggested by Hilchey and Klein (2011), or better
performance accuracy and differences in error types in more specific executive components.
To date, there are only a few studies that suggest a bilingual advantage in specific executive
components in young adults (e.g., Costa et al., 2008). Several studies have found, however,
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that bilingual young adults outperformed their monolingual peers in reaction time (RT)
on both the congruent and incongruent trials in different cognitive tasks (e.g., Bialystok,
Craik, Klein, & Vishwanathan, 2004). This finding has been called a ‘global advantage’ or
a bilingual advantage in ‘global RT’ in the bilingualism literature (Hilchey & Klein, 2011,
p. 629). Executive functions and speed of processing show a complex interaction. On the
one hand, individual processing speed affects the functioning of the cognitive system; on
the other hand, processing speed is measured by tasks that engage different executive components. The more complex a speeded task, the more executive processing is presumably
involved (Cepeda, Blackwell, & Munakata, 2013). According to the cognitive control model
(Botvinick et al., 2001), individuals with better cognitive control show faster adjustments in
their cognitive system. If bilingual young adults exhibit more flexibility in adjusting their
cognitive system than monolingual adults, then we might expect faster overall processing
speed. To examine whether bilingual young adults show superior performance compared
to monolingual participants in specific executive components or in global RT, we tested
three executive components that have been suggested to play an important role in bilingual
language processing (e.g., Kroll & Bialystok, 2013): inhibition, performance monitoring,
and switching, via a battery that included various experimental conditions.
1.2

Inhibition

There has been extensive discussion in the literature about the inhibition skills of
bilingual individuals; however, inhibition is not a unitary construct and there are different
models of inhibitory control. Friedman and Miyake (2004) described three inhibition functions: 1. inhibition of a prepotent response; 2. resistance to distractor interference; and 3.
resistance to proactive interference.
The first type of inhibition – inhibiting a prepotent response – refers to the suppression of an automatic behavior. The most common tasks to study it are variations of
the Stop-signal and Go-NoGo tasks. Distractor interference, by contrast, is about resisting
distracting stimuli while performing a task. For example, in a picture-picture interference
paradigm, one has to select the target item from four pictures that include competing distractor items. The third inhibition function in this model is proactive interference, which is
about resisting memory traces that may hinder efficient processing of relevant information.
Proactive interference is often measured with conflict paradigms, where previously relevant
representations might interfere with currently relevant representations if working memory
is not updated regularly (e.g., Oberauer, 2005). Most studies on bilingualism have focused
either on response inhibition or on distractor interference and rarely on proactive interference in young adults. Most of these studies involved the Simon, Stroop, and flanker tasks.
As discussed above, the findings on these tasks are inconsistent.
Those researchers who found group differences reported that bilingual young adults
performed faster than monolingual peers on both congruent and incongruent trials of these
tasks (e.g., Bialystok et al., 2004). This finding suggests a global advantage in RT. Additional outcomes of the same study, however, revealed more specific differences. Bilingual
adults showed a smaller Simon effect than their monolingual peers, which indicates less
distraction by the incongruent items. Thus, Bialystok and colleagues found supporting evidence for both the global advantage hypothesis and for an advantage in a more specific
executive component, but only in one condition.
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Further support for better inhibitory control in bilingual young adults compared to
their monolingual peers has been reported by Prior (2012). Bilingual individuals exhibited
stronger inhibition in a task-switching paradigm using color, shape, and size dimensions. In
contrast to the findings of Bialystok and colleagues (2004), however, there was no overall
speed of processing difference between the groups in Prior’s study. One reason for the lack
of a global RT difference was that bilingual adults showed a trade-off between inhibition
and speed of processing in Prior’s study, namely they applied stronger inhibition even if it
resulted in slower speed of processing.
Inhibitory control, particularly resistance to interference, is associated with several
other cognitive processes, such as goal maintenance and conflict resolution (Kane & Engle,
2003). Colzato and colleagues (2008) found that bilingual young adults showed superior
performance compared to monolingual participants in selecting goal-relevant information
and in differentiating between that information and competing irrelevant stimuli, despite
the groups’ similar performance in response inhibition using the stop signal task. The
authors’ explanation was that conflict resolution may not necessarily involve inhibition, decreasing the activation of irrelevant representations, but it may signal the strengthening of
activation of relevant representations. Morales and colleagues also administered the stop
signal task to bilingual and monolingual young adults and, similarly to Colzato and colleagues, found no group difference (Morales et al., 2013). Interestingly, in contrast to the
response inhibition data, bilingual young adults outperformed the monolingual adults in
accuracy on task conditions that required proactive and reactive interference control. The
RT data provided further evidence suggesting that bilingual young adults were more efficient in adjusting inhibitory control and monitoring than monolingual adults. The authors
concluded that studying dual processes of inhibition in bilingual populations may enhance
our understanding of the bilingual advantage.
These examples show that studies examining the bilingual advantage in executive
control differ not only in tasks and procedures but in their theoretical approach as well.
The differences in theoretical background influence task selection and interpretation of the
results.
1.3

Monitoring and Switching

These two executive components are frequently discussed together in the bilingualism literature because switching between tasks involves monitoring and researchers often
use similar tasks to examine these processes. Task-switching paradigms may involve various executive components, depending on the experimental manipulations across conditions.
Another reason for task impurity in these paradigms is that performance monitoring is associated with maintaining task goals and working memory. Individual differences in working
memory have been linked to monitoring conflicts and actions. Specifically, individuals with
greater working memory skills show more efficient monitoring and updating performance
than participants with low working memory capacity (Miller, Watson, & Strayer, 2012).
Previous research suggests that bilingual individuals show better working memory skills
than their monolingual peers (Bialystok et al., 2004): consequently, we may expect better
monitoring skills as well. The findings in the literature are not consistent, however. Costa
and colleagues used tasks such as the Simon, Stroop or flanker tasks to measure conflict
resolution because of their high monitoring demands, particularly in mixed trials. Bilingual
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individuals’ responses in these conditions were often faster than those of monolingual participants (Costa et al., 2008; Costa, Hernández, Costa-Faidella, & Sebastián-Gallés, 2009),
however, the groups typically did not differ in mixing cost, which is considered to be an
indicator of monitoring. Despite the findings on mixing cost, the authors suggested that
bilingual participants’ faster responses across both congruent and incongruent trials reflected better monitoring performance, which was related to their practice of continuously
monitoring two or more languages in different communication contexts.
Prior (2012) measured the fadeout effect within a task-switching paradigm as an
indicator of monitoring performance. The fadeout effect reflects how well individuals adjust
their cognitive systems when moving from a complex condition, such as a mixed block,
to a simple condition that puts less demand on executive processing. The author found
no group differences in fadeout and concluded that bilingual and monolingual adults show
comparable monitoring skills.
Similarly to the results on inhibition and monitoring, the findings about the switch
cost are mixed as well. Prior and MacWhinney (2010) found a bilingual advantage in
switching cost, whereas Hernández et al. (2013) showed similar switch costs in bilingual
and monolingual participants. The differences in outcomes for these two studies are not easy
to explain because the tasks were similar. Further, Hernández and colleagues used three
different task conditions to control switching. The authors speculated about the possible
causes for the inconsistent findings, suggesting that differences in participants’ profiles (the
languages they spoke, whether they were immersed in a society where both languages were
used, etc.) may be responsible for the discrepancies. Indeed, Prior and Gollan (2011) had
suggested that bilingual people’s language-switching practice has a positive effect on their
general task-switching abilities.
In contrast to Prior and Gollan’s (2011) suggestion, in a more recent study, Yim
and Bialystok (2012) found a dissociation between verbal and non-verbal task switching.
Bilingual individuals showed smaller switch cost than monolingual participants in verbal
trials but not in the non-verbal tasks. Verbal switch cost in bilingual individuals was further
linked to code-switching frequency. There was a negative correlation between the frequency
of code switching and the size of the switch cost. Thus, individuals who frequently used
code-switching showed smaller switch cost in the verbal switching task, consistent with what
the adaptive control hypothesis would predict (Green & Abutalebi, 2013).
In summary, the literature on the bilingual advantage in young adults shows many
inconsistencies in findings from executive processing tasks. Most of the current tasks measure several functions concurrently and show little or no correlation with other tasks that
allegedly target the same functions. In the present study, we employed a series of tasks that
offers better isolation of executive control subcomponents than the traditional behavioral
tests.
1.4

Aims and Research Questions

The present study differs from most previous studies in the bilingualism literature
involving young adults in its research approach. We employed tasks with several experimental conditions to assess different executive processes (resistance to interference, monitoring,
switching) independently. Further, we aimed to test the hypothesis that speed of processing
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alone accounts for performance differences between monolingual and bilingual individuals
as Hilchey and Klein (2011) suggested.
First, we selected participants from two groups based on language status (monolingual and bilingual) and measured their performance in simple baseline conditions (see more
details about the different conditions in the Methods section). Then, we matched the monolingual participants to a comparable subset of bilingual individuals based on their speed
of processing across baseline measures. Following these procedures, we examined whether
bilingual young adults show superior performance compared to monolingual participants in
interference, monitoring, and switching tasks even when the groups are matched on baseline
measures for speed of processing.
In our attempt to control for major participant-related factors, we also matched our
participant groups on age, gender, and years of education. Previous research has shown
that these factors may have significant effects on executive control processes (e.g., Paap &
Greenberg, 2013).
Based on our goals, we asked the following research questions:
1. Is there an overall/global processing speed advantage for bilingual young adults compared to monolingual individuals? Specifically, do the groups differ across various
baseline measures in processing speed? This question was relevant because processing
speed shows a complex interaction with different executive components (Cepeda et
al., 2013).
2. If bilingual young adults show superior processing speed in baseline measures compared to monolingual participants, are they also more efficient in task performance?
To this end, we compared performance changes on repeated items to see whether the
groups that had previously been matched on baseline processing speed show different
learning curves. This question was based on previous research (e.g., Henik et al.,
1997; Morton & Munakata, 2002) suggesting that individual differences in resistance
to interference may reflect more efficient adjustment to repeated items (i.e., a steeper
learning curves).
3. Do bilingual young adults outperform monolingual participants on different executive
control tasks – namely, resistance to interference, monitoring, and switching – even
when speed of processing is matched between the two groups? That is, do bilingual
participants show an advantage in the above executive control functions beyond their
superior speed of processing compared to monolingual young adults?
2
2.1

Methods

Participants

Participants were 77 healthy young adults: 41 monolingual speakers of English and
36 highly proficient, balanced bilingual speakers, all between the ages of 18 and 35 (see
more demographic details in Table 1). Participants of this study were either university
students at the time of testing, or professionals who had at least high school degrees.
Participants reported no history of any neurological disorder, learning disability, speechlanguage problem, or other cognitive deficit. The two groups did not differ in average age,
years of education, or gender distribution.
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Bilingual participants were eligible for participation if they spoke two languages on
a daily basis. The languages spoken among the bilingual speakers consisted of Chinese,
Dutch, Greek, Haitian Creole, Hungarian, Italian, Korean, Russian, and Spanish. Although
English was not necessarily their first language, all bilingual participants were highly proficient in English as well as in the other language. The Language Experience and Proficiency
Questionnaire (LEAP-Q; Marian, Blumenfeld, & Kaushanskaya, 2007) was administered
to obtain bilingual participants’ self-reported ratings of language proficiency on a Likert
scale from 0 (i.e., extremely low) to 10 (i.e., perfect, native level). All bilingual individuals reported their spoken language proficiency at or above 7 points on the scale for both
languages. All bilingual participants acquired both languages early, with a mean age of
exposure of 2.5 and 5.1 for non-English and English, respectively. Although all of them
reported using both languages regularly, their exposure to English was greater than their
exposure to the non-English language (see Table 1 for more information on language proficiency)1 . Monolingual participants were eligible for participation if they were not proficient
in any foreign language, even though they might have taken a foreign language class in high
school or college.
Table 1. Demographic information and language proficiency scores. Mean (SD).
Variables
Demographic
Age
Females: Males
Education
Language information
Age of acquisition
Proficiency: Speaking
Proficiency: Understanding
Current Exposure (%)

monolingual group
26.2 (4.2)
27:14
16.2 (±2.0)

Groups
bilingual group
25.5 (4.5)
25:11
16.4 (±2.5)
English
5.13 (4.16)
8.79 (1.93)
9.25 (0.99)
69 (15)

Non-English
2.5 (5.61)
8.29 (1.71)
8.88 (1.45)
28 (16)

Note. For proficiency: 0 = None, 10 = Highest level.

Participants were recruited using flyers and online advertisement. Eligibility was
checked during a phone screening. The project was approved by the Institutional Review
Board (IRB) of the City University of New York. Informed consent was obtained from all
participants prior to testing. All participants received monetary compensation at the end
of testing.

1

While the demographic data in Table 1 are based on the total number of participants (N = 77), the
language proficiency data are based on 25 bilingual participants. Although only bilingual individuals who
reported proficiency in both languages at or above 7 on the LEAP-Q scale and only those who reported using
both languages daily were included in the present study, specific information from the remaining participants
was lost due to technical problems.
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Stimuli and Procedures

The experimental tasks were part of a larger information processing battery (Marton, Campanelli, Eichorn, Scheuer, & Yoon, 2014). The tasks involved category judgments.
Participants were presented with a category name (e.g., family) followed by a target word
(e.g., mother) or a distractor item (e.g., ball). In all conditions, they were asked to read
each stimulus word on the screen and determine whether the word belonged to the given
category. Category names were presented at the top of the screen 1–2 seconds prior to the
appearance of the target or distractor item. The stimuli were simple high-frequency words,
typically acquired early by children (Hall, Nagy, Linn, & Bruce, 1984). The vocabulary
items were simple because we were not interested in participants’ categorization abilities;
rather, in their executive processing. Different conditions targeted different cognitive functions, such as implicit learning (to examine the repetition effect), resistance to proactive
interference, performance monitoring, and switching. The task was similarly structured
across all conditions (see Figure 1 for the structure of the tasks).
Implicit Learning task

Performance Monitoring task

animals

Switching task

animals
family

cat

mother

animals
doll

family

animals

sports

furniture

chair

Time
cat

ball

Figure 1 . Task paradigm: Presentation of trials in each condition.
All participants were tested individually in our laboratory. Participants were provided
with detailed instructions and sufficient practice time. The order of task presentation was
counterbalanced across participants. The tasks were administered via a tablet computer
along with response buttons. Three round response buttons were used for data collection
(one red and two black ones). Participants were instructed to respond as quickly and as
accurately as possible. Accuracy and RT data were automatically collected for all responses
by the computer.
Participants were instructed to press and hold the red button to start each trial until
they saw a category name on the screen. Once they read the category name, they were
asked to release the red button (recorded as ‘category recognition response’). For target
items, participants were asked to press one of the black buttons corresponding to the side
on which the stimulus word appeared on the screen (recorded as ‘word categorization response’). Location of the target items was randomized to minimize perceptual anticipation.
For distractor items, participants pressed the red button, regardless of the location of the
stimulus. Pressing the red button was necessary for the non-target responses to distinguish
between withheld responses and no responses (in which case no buttons were pressed).
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Failure to respond within 5 seconds resulted in termination of the current trial and the
automatic presentation of the subsequent trial. Participants did not receive any explicit
feedback about their performance.
For data analysis, category recognition response was used to measure monitoring
performance, whereas word categorization response was used for all other conditions (see
details of experimental conditions below). A software that was specifically developed for
our information processing battery was used to present stimuli and record responses.
2.2.1 Baseline Word Categorization. This simple word categorization task
was used as a baseline to match the groups on speed of processing. It also served as the
baseline for the Implicit learning, Proactive interference, and Switching conditions (the
Performance monitoring task had its own baseline). The baseline word categorization task
included 6 blocks of 14 trials each, consisting of 60 trials with targets and 24 trials with
distractors (total number of categorization trials = 84). This task did not include any item
repetition or other experimental manipulation. All targets and distractors were novel items.
2.2.2 Implicit Learning Condition. This task focused on performance changes
as a function of repeated presentation of items over time. There were 6 blocks of 14 trials,
consisting of 60 trials with targets and 24 trials with distractors. Target items consisted of
both repeated words and new words, whereas distractor items were never repeated in this
experimental condition. In each block, one target item was presented four times; the others
were presented only once.
2.2.3 Resistance to Proactive Interference Condition. The task was designed to increase proactive interference by using distractor items that had been targets in
previous trials (interference items). Six blocks were created with 14 trials per block. There
were 60 trials with targets and 24 trials with distractors (interference items).
2.2.4 Performance Monitoring Condition. This task condition was developed
to examine performance monitoring with auditory cueing. To increase participants’ focus
of attention, single pure tones were presented on randomized trials via headphones prior to
the visual presentation of the category name. The manipulation of auditory cueing served
to orient participants’ attention to the upcoming stimuli (category name). Participants
were instructed to anticipate a tone signal in some of the trials, prior to the presentation
of the category name. The task consisted of 140 trials without tones and 154 trials with
tones. The tones randomly varied in duration between 1000 and 3500 ms. Trials without
tones served as the baseline measure for this task. Performance monitoring was measured
by comparing category recognition responses in pre-error trials to those in post-error trials
across conditions (with and without tones).
2.2.5 Switching Condition. In the switching task, there were more frequent category switches (9 category switches) relative to the baseline condition (6 category switches).
There were a total of 60 targets and 24 distractors.
2.3

Data Analysis

Mixed-effects regression analysis was used to examine accuracy and RT data. Mixedeffects modeling allows accounting for the clustered nature of the data, with responses
(level-1) nested within participants (level-2); furthermore, it allows one to examine the
variability within and between subjects and to study the effects and interactions within and

EXECUTIVE CONTROL AND SPEED OF PROCESSING

11

across participants. In addition, mixed-effects modeling is flexible in handling missing data
and unbalanced designs (Raudenbush & Bryk, 2002).
For accuracy data, we fitted mixed-effects logistic regression models by specifying
family binomial and link logit. The logistic component allows modeling the nonlinear component of the dependent variable, and this approach is superior to other techniques such as
analysis of variance on transformed data (e.g., arcsine-square-root transformation) (Jaeger,
2008). For RT data, the models fitted were linear mixed-effects regressions with Maximum
Likelihood as the estimation method. In spite of the slightly skewed distribution, RT data
were kept in their original scales because analyses performed on transformed data produced
the same pattern of results. Only response time for correct answers was used. All models included random intercepts for subjects. Random slopes for the within-subjects independent
variables were tested and did not improve the model fit in any of the analyses.
Within- and between-subject outliers were trimmed following a 3-stage procedure:
first, for each task and dependent variable, we determined upper and lower criteria based
on the overall distribution and we dropped extreme values beyond those limits2 ; second,
values more than 3 SD below or above the means were excluded; last, for each model,
we examined level-1 and level-2 standardized residuals and we re-fitted the model without
observations with residual values more than 3 SD below or above the mean. This 3-stage
procedure never led to the exclusion of more than 3.9% of the data.
Data were analyzed with Stata 13.1 (StataCorp, 2013) using the functions mixed, for
RT data, and melogit, for accuracy data. Effects are reported as significant for p < .05.
3
3.1

Results

Processing Speed

To test whether there was an overall processing speed advantage for bilingual compared to monolingual adults, we fitted three mixed-effects regression models. These analyses
examined performance accuracy and RT for baseline word categorization and RT for baseline category recognition. The only predictor variable included in the models was language
group (Monolingual and Bilingual). Descriptive statistics are reported in Table 2.
Table 2. Descriptive statistics for two baseline measures of processing speed.
Variable
Monolingual
Baseline word categorization
Accuracy
0.945 (0.068)
Reaction Time
1127 (180)
Baseline category recognition
Reaction Time
667 (206)

Bilingual
0.940 (0.057)
1044 (194)
514 (187)

Note. Mean (SD). All reaction times are in ms. For Monolinguals, n = 41; for Bilinguals, n = 36.

2
This first step only affected reaction time data. For category recognition answers, we dropped RT data
shorter than 100 ms or longer than 4000 ms. For word categorization answers, we excluded RT data shorter
than 200 ms or longer than 5000 ms.
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3.1.1 Baseline Word CategorizaGroup:
tion. Accuracy. As evident from the table
Monolingual
of descriptive statistics (Table 2), performance
Bilingual
accuracy was at ceiling for both monolingual
and bilingual participants, indicating that participants could easily and reliably perform the
word categorization task. Mixed-effects logistic regression analysis confirmed the absence of
any statistically significant difference between
the two language groups (Table 3).
Reaction Time. A linear mixed-effects regression analysis was performed on RT data to
examine whether bilingual adults were faster
Baseline word
Baseline category
than monolingual participants in this baseline
categorization
recognition
categorization condition. Results showed that
Figure 2 . Effect of language group on
the p-value for the group effect approached sigtwo baseline reaction time measures.
nificance (p = .051; see Table 3). The estimated
Error Bars: ± SE.
difference between the two groups was 83 ms,
indicating that bilingual participants were 7.4%
faster than monolingual individuals (Figure 2).
3.1.2 Baseline Category Recognition. The second reference measure of speed
of processing was based on participants’ category recognition performance. The analysis of
RT showed a large and highly significant group effect with an estimated speed of processing
advantage for the bilingual group of 164 ms (Figure 2). That is, bilingual participants were
24% faster than monolingual participants. Results of linear mixed-effect regression analysis
are summarized in Table 3.
3.2

Controlling for Baseline Speed of Processing

The analysis of baseline performance revealed, overall, a solid speed of processing
advantage for bilingual participants compared to monolinguals. In spite of a very high
proportion of correct responses, which showed that the tasks could be easily performed, RT
differences between the two groups were medium to large in size. This baseline performance
difference could constitute a serious confounding factor in the analyses of specific executive
control processes. Any experimental effect could have been interpreted solely in terms of
general speed of processing differences between the two language groups.
Rather than using statistical control, we decided to employ the technique of Propensity Score Matching (PSM) (Austin, 2011; Rosenbaum & Rubin, 1984). PSM allowed us
to select and equate two subgroups of participants to the greatest extent possible on the
baseline measures described above. We first selected a subgroup of 36 monolingual participants (from the complete sample of 41 participants) matched with the 36 bilingual adults
on baseline speed of processing. However, the outcome was unsatisfactory: In one of the
two baseline conditions the difference between the two groups was still statistically significant and medium in size. Then we ranked the bilingual participants by average RT in
the baseline conditions, excluded the 6 fastest participants, and using the PSM procedure,
selected a matched subgroup of 30 monolingual participants. This second attempt provided
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satisfactory results, such that, for the group differences on the baseline conditions, p > .4
and ω 2 < .01. This subsample of 60 participants was used to answer our research questions regarding implicit learning, resistance to interference, monitoring, and switching. The
PSM procedure was conducted using the Stata package psmatch2, version 4.0.10 (Leuven &
Sianesi, 2003). Results of the analyses performed on the complete sample of 77 participants
are provided as Supplementary Material.
Table 3. Summary of mixed-effects regression analyses for two baseline measures of
processing speed.
Variable

Estimatea (SE) z
p
95% CI
Baseline word categorization: Accuracy

Fixed effects
Intercept
3.108 (0.214)
14.49 <.001 [2.688; 3.528]
Bilingual
-0.145 (0.276)
-0.53 .599
[-0.685; 0.395]
Random effects
Intercept
0.564 (0.252)
[0.235; 1.353]
Baseline word categorization: Reaction Time
Fixed effects
Intercept
1127 (29.19)
38.64 <.001 [1070; 1185]
Bilingual
-83.29 (42.74)
-1.95 .051
[-167; 0.47]
Random effects
Intercept
30997 (5569)
[21796; 44084]
Residual
69663 (2447)
[65028; 74628]
Baseline category recognition: Reaction Time
Fixed effects
Intercept
684 (32.8)
20.89 <.001 [620; 748]
Bilingual
-164 (47.1)
-3.49 <.001 [-256; -71.9]
Random effects
Intercept
20381 (6110)
[11324; 36681]
Residual
104807 (7195)
[91612; 119903]
Note. a For fixed effects, the data reported are coefficients; for random effects, variance. For
Monolinguals, n = 41; for Bilinguals, n = 36. Significant effects in bold.

3.3

Implicit Learning

Implicit learning skills were tested by examining participants’ performance in conditions with and without repeated presentation of items. As described in the methods
section, repeated items were presented four times and the repetition variable was coded
0–3, with 0 representing the item’s first appearance, 1 representing its second appearance
(first repetition), 2 its third appearance (second repetition), and 3 representing the item’s
fourth appearance (third repetition). The control condition consisted of non-repeated items
matched on serial position that were drawn from a baseline task with identical structure.
This baseline condition allowed us to control for the possible effects of both learning and
fatigue.
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Table 4. Implicit learning task: Descriptive statistics for accuracy and reaction time data
by group and repetition number.
Repetition
Accuracy
Rep0
Rep1
Rep2
Rep3
Reaction Time
Rep0
Rep1
Rep2
Rep3

Monolingual

Bilingual

0.933
0.940
0.956
0.972

0.928
0.961
0.967
0.978

948
898
870
836

(0.25)
(0.229)
(0.207)
(0.165)

(271)
(243)
(276)
(193)

926
819
826
823

(0.26)
(0.194)
(0.18)
(0.148)

(351)
(245)
(321)
(350)

Note. Mean (SD). All reaction times are in ms. Rep0 = item’s first appearance; Rep1 = item’s
second appearance; Rep2 = item’s third appearance; Rep3 = item’s fourth appearance (third
repetition). Propensity score matched sample: for Monolinguals, n = 30; for Bilinguals, n = 30.

We fitted a mixed-effects logistic regression model (accuracy data) and a linear mixedeffects regression model (RT data) to examine the effects of Repetition (0, 1, 2, and 3) and
Language Group (monolingual and bilingual). Descriptive statistics are reported in Table
4.
Accuracy. Performance accuracy showed a gradual, although not large, improvement
with repetition (Figure 3). Only response accuracy at Repetition 3, and not at Repetition
1 or 2, was significantly better than accuracy at Repetition 0 (first appearance of the item)
(Table 5). The effect of language group and the interaction Group × Repetition were not
statistically significant, indicating comparable learning rate in monolingual and bilingual
participants.
Reaction Time. Reaction time, as compared to accuracy, showed a faster and larger
improvement with repetition. Performance at the second appearance of the item (first
repetition) was already significantly better than performance at the item’s first appearance
(Table 5). At the third repetition of the item (fourth appearance) the estimated RT was
on average 115 ms (about 12.4%) faster than RT at the item’s first appearance.
No overall group differences emerged but the interaction Group × Repetition#1 was
statistically significant, indicating a steeper learning rate in bilingual participants compared
to their monolingual peers (Table 5 and Figure 3): for monolingual participants, RT at the
first repetition of the item (second appearance) was 54 ms (5.7%) faster than at repetition
0; bilingual adults were 107 ms (11.7%) faster at the second appearance of the items than
at their first presentation.
3.4

Resistance to Proactive Interference

Next, we examined the ability to resist proactive interference from previously presented but no longer relevant items. A mixed-effects logistic regression model (accuracy
data) and a linear mixed-effects regression model (RT data) were fitted to examine the ef-
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Figure 3 . Implicit learning task: Effect of language group and item repetition on
performance accuracy and reaction time. Error Bars: ± SE.
fects of condition (baseline and interference) and Language Group (monolingual and bilingual). For these analyses, only distractor items were used; we compared rejection of new
distractors (baseline) to rejection of intrusion distractors (interference condition). Descriptive statistics are reported in Table 6.
Results showed similar patterns of effects and interactions for accuracy and RT data
(Table 7). Group differences in the baseline condition were negligible in size and statistically
non-significant – as expected because of the group matching. Participants’ performance in
the interference condition compared to the baseline decreased for both groups, but this
effect was significantly larger for monolingual than for bilingual participants. For accuracy,
the estimated decrease in performance was 0.13 (13.2%) for monolingual adults and 0.05
(5.8%) for bilingual participants. For RT, rejection of intrusion items was 88 ms (8%) slower
than rejection of new distractors in monolingual participants, and 45 ms (4.1%) slower in
bilingual adults.
3.5

Performance monitoring

Performance monitoring was studied in conditions with and without auditory cues by
comparing response time in pre-error trials to RT in post-error trials. As discussed elsewhere
(Dutilh, Vandekerckhove, Forstmann, Keuleers, Brysbaert & Wagenmakers, 2012), this
method is more valid than other methods, such as comparing post-correct trials to posterror trials. The average number of post error trials is 7.2. Items before the errors (the
same number of trials = 7.2) were used as baseline. From a preliminary analysis of the
data, it emerged that the response times across trials with different tone durations did not
differ: therefore, all trials with tones were collapsed. A linear mixed-effects regression model
was fitted to assess the effect of Position (pre-error and post-error), Condition (no tone and
tone), and Language Group (monolingual and bilingual). Descriptive statistics are reported
in Table 6.
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Table 5. Summary of mixed-effects regression analyses for the implicit learning task.
Variable
Fixed effects
Intercept
Baseline
Rep1
Rep2
Rep3
Bilingual
Random effects
Intercept
Fixed effects
Intercept
Baseline
Rep1
Rep2
Rep3
Bilingual
Bilingual × Rep1
Random effects
Intercept
Residual

Estimatea (SE) z
Accuracy

p

95% CI

2.744
0.684
0.415
0.624
1.104
0.091

<.001
.589
.206
.072
.006
.779

[2.147; 3.342]
[-1.799; 3.167]
[-0.229; 1.059]
[-0.057; 1.304]
[0.318; 1.891]
[-0.543; 0.725]

(0.305)
(1.267)
(0.328)
(0.347)
(0.401)
(0.324)

9
0.54
1.26
1.8
2.75
0.28

0.454 (0.28)
Reaction Time
951.3 (20.3)
0.2 (0.1)
-54.2 (19.5)
-96.4 (16.4)
-114.9 (14.4)
-37.1 (32.1)
-53.2 (23.9)
11644 (2643)
44881 (5187)

46.8
3.09
-2.78
-5.89
-7.99
-1.15
-2.23

[0.134; 1.535]

<.001
.002
.005
<.001
<.001
.248
.026

[911; 991]
[0.065; 0.292]
[-93; -16]
[-128; -64]
[-143; -87]
[-100; 26]
[-100; -6]
[7462; 18169]
[35784; 56291]

Note. a For fixed effects, the data reported are coefficients; for random effects, variance. Baseline =
see text for description; Rep0 = item’s first appearance (reference level); Rep1 = item’s second
appearance (first repetition); Rep2 = item’s third appearance; Rep3 = item’s fourth appearance
(third repetition). For accuracy, the interaction Bilingual × Repetition did not improve the model
fit (χ2 (3) = 0.51, p = .916), therefore is not reported in the table. Similarly, for Reaction Time we
do not report the interactions Bilingual × Rep2 and Bilingual × Rep3 because they did not
improve the model fit (χ2 (2) = 0.11, p = .947). Propensity score matched sample: for
Monolinguals, n = 30; for Bilinguals, n = 30. Significant effects in bold.

Results are summarized in Table 8. There was a significant effect of Condition, but not
of Position, and a significant interaction of Condition × Position. In the absence of auditory
cues, no post-error slowing was observed. In the Tone condition participants speeded up in
pre-error trials (as compared to pre-error trials in the no tone condition) and showed slower
response time in post-error position than pre-error position (Figure 4). The effect of Group
and the interaction of Group with Position and Condition were not statistically significant
and the size of the effects was negligible. This indicates that the ability to use auditory cues
to enhance performance and self-monitoring skills as measured in this task was comparable
in the two language groups.
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Table 6. Descriptive statistics for different executive control tasks.
Variable
Monolingual
Baseline for Proactive Interference
Accuracy
0.958 (0.041)
Reaction Time
1106 (185)
Proactive Interference
Accuracy
0.826 (0.113)
Reaction Time
1188 (234)
Performance monitoring (Reaction Time)
No tone, Pre-error (baseline) 577 (130)
No tone, Post-error
631 (200)
Tone, Pre-error
463 (121)
Tone, Post-error
701 (249)
Baseline for Attention Switching
Accuracy
0.948 (0.04)
Reaction Time
945 (161)
Attention Switching
Accuracy
0.95 (0.04)
Reaction Time
1024 (174)

Bilingual
0.950 (0.043)
1096 (174)
0.893 (0.08)
1141 (171)
559
655
471
743

(227)
(258)
(186)
(347)

0.962 (0.03)
928 (163)
0.957 (0.03)
983 (167)

Note. Mean (SD). All reaction times are in ms. Propensity score matched sample: for
Monolinguals, n = 30; for Bilinguals, n = 30.

3.6

Switching

Two mixed-effects regression analysis models were fitted to assess participants’ accuracy and RT in conditions where the switching load of the task was experimentally manipulated. The models fitted were logistic for accuracy (mixed-effects logistic regression)
and linear for RT (linear mixed-effects regression). In both analyses independent variables
included Condition (baseline and high-switching) and Group (monolingual and bilingual).
Descriptive statistics are reported in Table 6.
Accuracy. For accuracy data, no significant effects emerged (Table 9). All participants
performed at ceiling in both baseline and high-switching conditions.
Reaction Time. For RT data, analysis revealed, as expected, a negligible and statistically non-significant difference between language groups in the baseline condition. However,
the effect of Condition and the Group × Condition interaction were statistically significant
(Table 9). These findings indicate that the high-switching condition placed a greater cognitive demand on monolingual than bilingual participants: the former language group was
76 ms (8.3%) slower in the high-switching condition than the baseline; the bilingual group
was only 43 ms (4.8%) slower in the high-switching condition compared to baseline. In
other words, the proportional slowing between baseline and high-switching condition was
significantly smaller in bilingual than monolingual participants.
Finally, we examined the correlations among the tasks to assess the degree of overlap
in our measures of distinct executive components (see Table 10). Pearson correlations
revealed limited inter-correlation among our measures, with most p values greater than .05.
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Table 7. Resistance to proactive interference: Summary of mixed-effects regression
analyses for accuracy and reaction time data.
Variable
Fixed effects
Intercept
Interf
Bilingual
Bilingual × Interf
Random effects
Intercept
Fixed effects
Intercept
Interf
Bilingual
Bilingual × Interf
Random effects
Intercept
Residual

Estimatea (SE) z
Accuracy

p

95% CI

3.214 (0.204)
-1.599 (0.212)
-0.21 (0.275)
0.769 (0.299)

<.001
<.001
.452
.01

[2.814; 3.614]
[-2.016; -1.183]
[-0.745; 0.332]
[0.184; 1.355]

15.75
-7.53
-0.75
2.57

0.156 (0.08)
Reaction Time
1096 (32.6)
87.8 (14.8)
-2.62 (46.5)
-43.3 (20.9)

[0.06; 0.404]

33.61
5.92
-0.06
-2.07

<.001
<.001
.955
.038

28839 (5603)
69083 (1959)

[1032; 1159]
[58.7; 116.8]
[-93.78; 88.5]
[-84.3; -2.31]
[19706; 42206]
[65348; 73032]

Note. a For fixed effects, the data reported are coefficients; for random effects, variance. Interf =
Interference. Propensity score matched sample: for Monolinguals, n = 30; for Bilinguals, n = 30.
Significant effects in bold.

Table 8. Performance monitoring: Summary of mixed-effects regression analyses for
reaction time data.
Variable
Fixed effects
Intercept
Tone
Post-error
Tone × Post-error
Bilingual
Tone × Bilingual
Post-error × Bilingual
Tone × Post-error × Bilingual
Random effects
Intercept
Residual

Estimatea (SE)

z

p

95% CI

608 (45.6)
-130 (48.4)
38.2 (48)
188 (66.4)
-27.7 (61.4)
28.4 (64.4)
14.9 (63.5)
2.01 (87.97)

13.36
-2.7
0.79
2.85
-0.45
0.44
0.24
0.02

<.001
.007
.427
.004
.652
.659
.814
.982

[519; 697]
[-225; -35.9]
[-55.9; 132]
[58.9; 319]
[-148; 92.6]
[-97.8; 155]
[-109; 139]
[-170; 174]

22986 (5426)
200656 (6938)

[14472; 36510]
[187507; 214726]

Note. a For fixed effects, the data reported are coefficients; for random effects, variance. Propensity
score matched sample: for Monolinguals, n = 30; for Bilinguals, n = 30. Significant effects in bold.
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Figure 4 . Performance monitoring: Effect of language group, tone, and position on
reaction time. Error Bars: ± SE.
Table 9. Attention switching: Summary of mixed-effects regression analyses for accuracy
and reaction time data.
Variable
Fixed effects
Intercept
ASW
Bilingual
Bilingual × ASW
Random effects
Intercept
Fixed effects
Intercept
ASW
Bilingual
Bilingual × ASW
Random effects
Intercept
Residual

Estimatea (SE) z
Accuracy

p

95% CI

3.106 (0.141)
-0.01 (0.13)
0.246 (0.203)
-0.136 (0.194)

<.001
.948
.226
.484

[2.828; 3.383]
[-0.265; 0.247]
[-0.152; 0.643]
[-0.517; 0.245]

21.95
-0.07
1.21
-0.7

0.304 (0.091)
Reaction Time
916 (20.4)
75.9 (6.7)
-12.7 (29)
-32.6 (9.5)
11850 (2244)
52176 (769)

44.9
11.42
-0.44
-3.43

[0.17; 0.548]

<.001
<.001
.662
.001

[877; 957]
[62.9; 89]
[69.8; 44.4]
[-51.2; -14]
[8176; 17176]
[50690; 53705]

Note. a For fixed effects, the data reported are coefficients; for random effects, variance. ASW =
Attention Switching. Propensity score matched sample: for Monolinguals, n = 30; for Bilinguals, n
= 30. Significant effects in bold.

The few stronger correlations signal a relationship between different conditions or measures
within the same task, rather than relations between tasks (e.g., tone and no-tone conditions

EXECUTIVE CONTROL AND SPEED OF PROCESSING

20

in the monitoring task and pre and post-error measures within the same task).
Table 10. Pearson product-moment correlation of cognitive ability variables.
1
2
3
4
5
6
7
8
9
10
11
12

Verbal baseline (Acc)
Verbal baseline (RT)
Switching cost (Acc)
Switching cost (RT)
Learning (Acc)
Learning (RT)
Post-error slowing (No Tone)
Post-error slowing (Tone)
Tone effect (Pre-error)
Tone effect (Post-error)
Interference effect (Acc)
Interference effect (RT)

1
1
.03
.26*
.01
-.19
-.04
-.04
-.04
-.02
-.02
.1
.03

2

3

4

5

6

7

8

9

10

11

12

1
.17
.2
.09
.04
.15
-.04
.1
-.09
.17
.3**

1
-.27*
-.05
.02
-.03
-.02
.08
.03
.17
-.04

1
.05
-.23
-.03
-.07
-.06
-.08
-.03
.06

1
.2
.09
-.04
.06
-.07
.2
.02

1
.21
.05
.1
-.04
-.05
-.03

1
.12
.42***
-.28*
.25*
.13

1
-.25*
.83***
.21
-.01

1
-.04
.01
-.18

1
.06
-.17

1
-.12

1

Note. *p < .05; **p < .01; ***p < .001 (two-tailed). N = 77.

4

Discussion

The aim of this study was to examine whether bilingual young adults show superior
executive processing compared to monolingual individuals in experimental tasks that target specific executive components if we control for global processing speed. The bilingual
literature in young adults shows contradictory data on executive processing with at least
three main groups of findings: no bilingual advantage (Paap & Greenberg, 2013; Yudes
et al., 2011), an advantage in overall processing efficiency (Hilchey & Klein, 2011), and
bilingual advantage for a more specific executive function, such as selective attention or
conflict resolution (Costa et al., 2008; Salvatierra & Rosselli, 2010). As discussed in the
Introduction, there are a number of complex variables that contribute to the inconsistencies
in the literature; one being task type. Many researchers used tasks that measure various
executive components simultaneously (e.g., Stroop, Simon, flanker, etc.). We argue that
to overcome this problem, distinct functions need to be assessed separately, and speed of
processing needs to be considered independently. Moreover, following Green & Abutalebi
(2013), we need to link these distinct processes with the bilingual experience.
In the present study, we used experimental manipulations within a series of tasks
designed to examine different components of executive control. Our tasks targeted implicit
learning, resistance to interference, monitoring, and switching, because previous research
indicated that these executive components play an important role in language processing
(e.g., Kroll & Bialystok, 2013). In addition, to address the hypothesis that the differences
previously found between bilingual and monolingual participants can be accounted for by
a bilingual global speed of processing advantage (Hilchey & Klein, 2011), we also explored
the role of processing speed in executive control. As suggested by Botvinick and colleagues
(2001), adjustments in cognitive control happen in response to task demands. Individuals
with better cognitive control show faster adjustments. If bilingual young adults show more
flexibility in adjusting their cognitive system as they perform different cognitive tasks,
then we might expect faster overall processing speed. To examine this hypothesis and
to test our first research question, we compared monolingual and bilingual young adults’
speed of processing on verbal baseline measures. We examined speed of processing in
baseline measures because we assumed that these trials involved minimal executive control
but required quick adjustments. There is evidence in the experimental literature that the
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more complex a speed of processing task, the more executive control is involved in task
performance (Cepeda et al., 2013). Our goal was to study speed of processing and specific
executive control functions independently.
Three mixed-effects regression models were used to test whether bilingual young
adults show an overall speed of processing advantage compared to monolingual participants. The results indicated significant differences in processing speed between the two
groups. Bilingual young adults were 24% (164 ms) faster than their monolingual peers.
Both groups performed with high accuracy, so this speed of processing advantage was not
the result of a trade-off between accuracy and RT in the bilingual group. Thus, the next
question was whether there are further differences between the two groups in executive control, beyond the advantage in overall speed of processing in bilingual individuals. We used
Propensity Score Matching (Austin, 2011) to select individuals into two subgroups (monolingual and bilingual) that showed equal speed of processing on baseline measures. This
manipulation resulted in the exclusion of the fastest bilingual young adults’ data for the
remaining analyses. Our results indicated that even after matching the groups on global
processing speed, bilingual individuals performed better and/or faster than monolingual
participants on implicit learning, interference control, and switching.
To examine implicit learning, we analyzed performance on repeated items in our
simple categorization task. The findings showed similar accuracy outcomes for the two
groups but different learning curves in RT. Although the two groups showed no RT difference
at the first presentation of the target items (the groups were matched on baseline speed
of processing), they exhibited significant differences after one repetition. Bilingual young
adults showed significantly greater decrease in RT, thus a steeper learning curve than the
monolingual participants. The group difference disappeared with repeated presentations
of the same stimuli. This finding is consistent with the findings reported in Bialystok et
al. (2004), demonstrating that the bilingual advantage initially found on the Simon test
disappeared when the number of items included in the task increased, as the monolingual
participants seemed to catch up with their bilingual peers.
The results may also be explained based on the weaker links hypothesis (Gollan, Montoya, Cera & Sandoval, 2008). That account suggests that bilingual individuals show greater
frequency effects than monolingual adults in different naming tasks. Thus, item repetition
in our task may have helped bilingual participants to improve their category judgments
faster than their monolingual peers. This suggestion is not necessarily in contradiction with
the cognitive control hypothesis. More efficient adjustment of the cognitive system may be
reflected in a greater frequency effect. The learning curves we found indicate that bilingual
young adults show faster adjustment to task conditions than their monolingual peers and
that this change is not solely the result of an overall speed of processing advantage. This
outcome indicates more advanced cognitive flexibility in bilingual individuals compared to
their peers. Current findings suggest that bilingual proficiency is associated with cognitive
flexibility (Ibrahim, Shoshani, Prior & Share, 2013) but future research is needed to further
explore this finding using different task conditions.
4.1

Executive processing: Interference control, monitoring, and switching

Recall that we examined possible group differences in specific executive components
(resistance to interference, monitoring, and switching) with a series of tasks that involved
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experimental manipulations.
4.1.1 Interference control. Resistance to proactive interference was measured
with a conflict paradigm. Our task consisted of target, new, and interfering distractor items.
The latter type of distractors were distractors that had been targets in previous trials,
therefore participants were familiar with these items. The question was whether bilingual
young adults were better at resisting proactive interference than their monolingual peers.
As suggested in the literature (Bialystok, Craik & Luk, 2012; Green & Abutalebi, 2013),
bilingual individuals regularly need to make decisions about which language to use at a
given moment, therefore they are expected to show more advanced skills in differentiating
goal-relevant information from goal-irrelevant information than monolingual participants.
We analyzed the data from our interference task by comparing rejection of new distractor items to rejection of interfering distractors (previous targets). As expected, both
groups showed an interference effect, a decrease in performance in the interfering condition
compared to the baseline measures. However, this effect was significantly larger for the
monolingual than for the bilingual group. Thus, bilingual young adults showed more efficient resistance to interference than their monolingual peers. This bilingual advantage was
present in both accuracy and RT data, despite the fact that the two groups were matched
for overall processing speed. These findings are consistent with the outcomes of Colzato
and colleagues (2008), who found that bilingual young adults outperformed their monolingual peers in selecting goal-relevant information and in differentiating between goal-relevant
information and goal-irrelevant stimuli. Colzato and colleagues explained their findings as
reflecting better conflict resolution in the bilingual than in the monolingual group. More
efficient conflict resolution was signaled by decreased activation of irrelevant representations
and strengthened activation of the relevant ones in their study. Although our task presented
participants with a different conflict, both experiments required updating of working memory contents and selecting goal-relevant responses in interfering conditions. Individuals who
update their working memory regularly and monitor its content efficiently are typically more
resistant to proactive interference in these types of conflict tasks than those who perform
the task based on item familiarity (Kane & Engle, 2003).
An alternative explanation might be that individuals who are more efficient in suppressing irrelevant information are less susceptible to proactive interference. Bilingual young
adults who use two or more languages daily often need to suppress one language while using
the other. Although our study does not allow for the direct testing of this relationship, we
suggest that this line of research is fertile ground for future studies.
4.1.2 Monitoring. The second executive component of interest in our study was
monitoring. We measured performance monitoring with a task in which pure tones were
presented prior to the appearance of the stimuli to facilitate attention orienting. We compared reaction times in pre-error trials to post-error trials across conditions (tone alert
versus no tone) and measured post-error slowing in the two groups. Post-error slowing is
an indicator of monitoring and it reflects how well the cognitive system is able to adapt
following an error (Botvinick et al, 2001). The question in our study was whether bilingual
individuals, who need to keep their two languages separate most of the time, show better
performance in monitoring than monolingual individuals. Moreover, we were interested in
examining whether an alerting cue (a pure tone) could facilitate attention orienting, which
in turn could improve performance monitoring.
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The results from the matched groups showed an effect for condition (tone versus no
tone) but not for group. Similarly to previous findings by Costa and colleagues (2008), the
presentation of an alerting cue enhanced participants’ performance. Unlike in that study,
where bilingual individuals performed faster than their monolingual peers in the cued condition, in the current study, both bilingual and monolingual participants showed significant
post-error slowing within the tone condition. When we compared their performance to the
baseline measure (no tone), however, it became evident that the difference between the two
conditions was driven by a decrease in RT for the pre-error trials in the tone condition (see
Figure 4). Both bilingual and monolingual participants showed increased task vigilance
when a pure tone was presented prior to the stimuli. Prior (2012) reported similar findings
on monitoring using a task-switching paradigm. She found no group difference in monitoring between bilingual and monolingual adults. Interestingly, participants in her two groups
did not differ in overall speed of processing either.
It is worth noting that our original findings on post-error slowing in the total group
of participants (including the fastest bilinguals who were excluded once the groups were
matched on speed of processing) showed a different pattern. In the larger sample, posterror slowing was present even in the no-tone condition for the bilingual group but not
for the monolingual participants (see Supplementary Material). This monitoring effect
in the no-tone condition disappeared when we matched the groups on processing speed
and excluded the fastest bilingual participants. This finding suggests a strong relationship
between overall processing speed and monitoring performance, but this issue needs to be
further studied in future research.
4.1.3 Switching. The third executive component explored in this study is switching. Switching rate is often viewed in the literature as an indicator of cognitive flexibility
(e.g., Monsell, 2003). Bilingual individuals who use their two or more languages on a daily
basis may show advanced language switching skills. As described in the Introduction, young
adults’ task-switching findings to date are mixed. Prior and MacWhinney (2010) suggested
that bilingual speakers who are good at switching from one language to another also show
superior performance in cognitive rule switching but Hernández et al. (2013) could not
replicate those results. Our switching task differed from traditional rule-switching tasks,
such as the card sorting task by Zelazo and Frye (1998) or the Wisconsin Card Sorting
Test (Kongs, Thompson, Iverson & Heaton, 2000) because it required frequent category
changes instead of rule switches. Participants needed to show flexibility in activating different semantic networks as the categories in the task changed. As with all other experimental
conditions, we compared performance on the switching task to baseline measures.
Both groups performed with high accuracy rate in both conditions but there was an
interaction between condition and group for RT. Monolingual individuals showed significantly greater increase in RT in the switching condition compared to the baseline task than
bilingual participants (there was no group difference in the baseline condition because the
groups had been matched on speed of processing). Monolingual young adults needed more
time than bilingual participants to activate the semantic network related to a given category when the category switches were more frequent. Similarly to our findings on implicit
learning, the outcomes from the switching task also suggest that bilingual participants show
more flexibility in adjusting to changing task conditions than monolingual participants.
Alternatively, proponents of the weaker links hypothesis (Gollan et al., 2008) might
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suggest that it is easier to switch if the words have weaker representations, as may be
the case in bilingual young adults compared to monolingual adults. For our data, this
interpretation is less likely because our bilingual participants showed faster processing even
in the baseline word categorization task than monolingual adults. Thus, they did not show
a disadvantage in categorization and accessing different lexical items compared to their
monolingual peers, as one would expect based on the weaker links hypothesis. One reason
for this finding might be related to the nature of the stimuli. All lexical items were high
frequency words that children acquire during preschool years. Our participants were young
adults, so the words in our tasks were highly familiar to them. It is more likely that their
superior switching performance was the result of their advanced cognitive flexibility.
Several researchers have suggested that bilingual individuals who use both of their
languages frequently, exercise switching skills regularly, especially when speaking with other
bilingual people or when speaking with monolingual and bilingual individuals within the
same context (e.g., Soveri, Rodriguez-Fornells & Laine, 2011). A number of authors have
suggested that language context, such as dual-language or dense code-switching contexts,
may play a critical role in enhancing language-switching skills (Green & Abutalebi, 2013;
Muysken, 2000; Prior & Gollan, 2011; Tokowicz, Michael & Kroll, 2004). It is an important
question for future research to examine the underlying mechanisms of this superior flexibility
in bilingual individuals and to map bilingual characteristics, such as code-switching habits,
to specific executive control skills.
5

Conclusions

We may draw at least two conclusions from the present study. One is related to
task selection and the use of experimental manipulations, the second to differences in performance patterns between monolingual and bilingual young adults. Tasks that include
series of experimental manipulations provide us with tools to examine different executive
components independently. Comparing experimental conditions to baseline measures and
studying executive processes step-by-step across conditions help us to examine associations
among executive components and language processes, as well as the relationship between
executive components and processing speed. Well-controlled experimental tasks are more
likely to indicate areas in which bilingual participants may show a cognitive advantage than
more global tests.
Our findings suggest that depending on task complexity and on the target executive
function, we see different patterns of bilingual advantage. In the baseline measures and
the monitoring task, we only observed an overall speed of processing advantage in bilingual
participants compared to their monolingual peers. In resistance to interference, bilingual
individuals showed superior performance compared to monolingual participants in both
accuracy rate and RT, whereas in the switching condition, both groups performed at ceiling
in accuracy but there was a bilingual advantage in RT, even though the two groups were
matched for overall processing speed.
One common trend across conditions including the implicit learning task was that
bilingual participants, despite being matched for age and education, showed more flexibility
in adjusting to task goals and to changing experimental conditions. Superior adjustment
was reflected in steeper learning curves, smaller interference effect, and faster processing
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speed. Future research is needed to describe more precisely the underlying mechanisms
behind this flexible cognitive adjustment in young adult bilingual participants.

6
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SUPPLEMENTARY MATERIALS

Results of statistical analyses performed on the complete sample. For Monolinguals, n = 41; for
Bilinguals, n = 36.

Table s1. Summary of mixed-effects regression analyses for the implicit learning task.
-----------------------------------------------------------------------------ACCURACY
|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Baseline |
.7584623
1.198771
0.63
0.527
-1.591086
3.108011
rep1 |
.5642619
.3022368
1.87
0.062
-.0281114
1.156635
rep2 |
.6865712
.3122138
2.20
0.028
.0746434
1.298499
rep3 |
1.367711
.3884847
3.52
0.000
.6062953
2.129127
bil | -.0656866
.303886
-0.22
0.829
-.6612923
.5299191
_cons |
2.831503
.2783386
10.17
0.000
2.285969
3.377037
-------------+---------------------------------------------------------------var(_cons) |
.5239778
.2774848
.1855834
1.479404
----------------------------------------------------------------------------------------------------------------------------------------------------------REACTION TIME|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Baseline |
.1219547
.0559373
2.18
0.029
.0123195
.2315898
rep1 | -74.97953
14.76147
-5.08
0.000
-103.9115
-46.04757
rep2 | -102.5438
14.84702
-6.91
0.000
-131.6434
-73.44413
rep3 | -118.0994
14.75181
-8.01
0.000
-147.0124
-89.18636
bil | -148.7409
36.56436
-4.07
0.000
-220.4058
-77.0761
_cons |
1028.039
26.45409
38.86
0.000
976.1897
1079.888
-----------------------------------------------------------------------------Random-effects Parameters |
Estimate
Std. Err.
[95% Conf. Interval]
var(_cons) |
23038.35
4277.633
16010.5
33151.08
var(Residual) |
46211.49
1611.277
43158.94
49479.95
------------------------------------------------------------------------------

Note. bil = Bilingual; rep0 = item’s first appearance (reference level); rep1 = item’s second
appearance (first repetition); rep2 = item’s third appearance; rep3 = item’s fourth appearance
(third repetition). Baseline = see text for description. For both Accuracy and Reaction Time the
interactions Bilingual × Repetition did not improve the models fit and therefore are not reported
in the table. For Monolinguals, n = 41; for Bilinguals, n = 36.
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Table s2. Resistance to proactive interference: Summary of mixed-effects regression analyses for
accuracy and reaction time data.
-----------------------------------------------------------------------------ACCURACY
|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------interf | -1.443706
.1820522
-7.93
0.000
-1.800521
-1.08689
bil | -.3130712
.2530639
-1.24
0.216
-.8090673
.182925
interf × bil |
.7481497
.256621
2.92
0.004
.2451818
1.251118
_cons |
3.186455
.186546
17.08
0.000
2.820832
3.552079
-------------+---------------------------------------------------------------var(_cons)|
.3185734
.1006587
.1714976
.591781
----------------------------------------------------------------------------------------------------------------------------------------------------------REACTION TIME|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------interf |
73.16026
12.45349
5.87
0.000
48.75187
97.56865
bil | -72.25602
41.95629
-1.72
0.085
-154.4888
9.976786
interf × bil | -38.75721
17.99564
-2.15
0.031
-74.02801
-3.486401
_cons |
1115.172
28.66538
38.90
0.000
1058.989
1171.356
-----------------------------------------------------------------------------Random-effects Parameters |
Estimate
Std. Err.
[95% Conf. Interval]
var(_cons) |
29987.37
5144.538
21424.41
41972.79
var(Residual) |
64376.85
1626.533
61266.55
67645.05
------------------------------------------------------------------------------

Note. interf = Interference; bil = Bilingual. For Monolinguals, n = 41; for Bilinguals, n = 36.
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Table s3. Performance monitoring: Summary of mixed-effects regression analyses for reaction
time data.
---------------------------------------------------------------------------------REACTION TIME
|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-----------------+---------------------------------------------------------------Tone |
-140.849
28.21434
-4.99
0.000
-196.1481
-85.54995
P-E | -3.969865
27.48841
-0.14
0.885
-57.84616
49.90643
Tone × P-E |
96.22812
38.64006
2.49
0.013
20.49499
171.9612
bil | -224.2427
44.33779
-5.06
0.000
-311.1431
-137.3422
Tone × bil |
88.96429
41.06204
2.17
0.030
8.484166
169.4444
P-E × bil |
82.90964
40.27178
2.06
0.040
3.978394
161.8409
Tone × P-E × bil | -93.36073
56.43048
-1.65
0.098
-203.9624
17.24099
_cons |
701.0147
29.82228
23.51
0.000
642.5641
759.4652
---------------------------------------------------------------------------------Random-effects Parameters |
Estimate
Std. Err.
[95% Conf. Interval]
var(_cons) |
18160.97
3661.764
12232.43
26962.82
var(Residual) |
101040.8
3192.645
94973.19
107496.1
----------------------------------------------------------------------------------

Note. P-E = Post-Error; bil = Bilingual. For Monolinguals, n = 41; for Bilinguals, n = 36.
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Table s4. Attention switching: Summary of mixed-effects regression analyses for accuracy and
reaction time data.
-----------------------------------------------------------------------------ACCURACY
|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------asw |
-.115522
.116685
-0.99
0.322
-.3442204
.1131765
bil | -.0360974
.2085719
-0.17
0.863
-.4448909
.3726961
asw × bil | -.2598306
.1679851
-1.55
0.122
-.5890752
.0694141
_cons |
3.333454
.1450689
22.98
0.000
3.049124
3.617784
-------------+---------------------------------------------------------------var(_cons)|
.5026695
.115341
.3206036
.7881279
----------------------------------------------------------------------------------------------------------------------------------------------------------REACTION TIME|
Coef.
Std. Err.
z
P>|z|
[95% Conf. Interval]
-------------+---------------------------------------------------------------asw |
91.88255
6.064425
15.15
0.000
79.9965
103.7686
bil | -59.70209
30.33635
-1.97
0.049
-119.1602
-.2439423
asw × bil | -57.78529
8.948101
-6.46
0.000
-75.32324
-40.24733
_cons |
950.267
20.72642
45.85
0.000
909.644
990.89
-----------------------------------------------------------------------------Random-effects Parameters |
Estimate
Std. Err.
[95% Conf. Interval]
var(_cons) |
16447.39
2750.998
11850.17
22828.08
var(Residual) |
58053.63
759.1216
56584.68
59560.71
------------------------------------------------------------------------------

Note. asw = Attention switching; bil = Bilingual. For Monolinguals, n = 41; for Bilinguals, n =
36.

