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Abstract: Bilingualism has been associated with better cognitive control as compared to monolingualism. However, the robustness of the
respective findings is subject to a recent debate, and moderators should be taken into consideration. We reasoned that groups immersed in
their second language should show a greater bilingual advantage in cognitive control as compared to non-immersed participants. Further,
stimulus language (first or second language), word similarity in the two languages (similar or dissimilar), as well as congruency between ink
and word were varied. Forty-five participants from three different language groups (Romance, Slavic, and German) conducted a Stroop task
while EEG was recorded. Higher cognitive control demand was operationalized as (1) longer reaction times, (2) higher error rates, (3) stronger
N400, (4) increased Late Positive Complex (LPC), and (5) stronger Frontal Midline Theta activity. The classical Stroop interference effect was
replicated for all dependent variables. Contrary to expectation, participants immersed in their second language did not exhibit any inhibition
advantage in the Stroop task. Moreover, higher script similarity between first and second languages led to faster response times in general.
Results are discussed in light of the current debate on the existence of a bilingual advantage in cognitive control.
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Due to globalization, more than half of the global population
speaks two or more languages (Grosjean & Li, 2013). During
the last decades, the advantages of being bi- or multilingual
have been extensively studied. It is assumed that bilingual-
ism influences cognitive control positively (Van den Noort
et al, 2019). Since both languages are simultaneously
activated in bilinguals, a conflict results, which is avoided
by inhibiting the language that is currently not needed
(Aparicio et al., 2017; Kroll & Bialystok, 2013). This constant
requirement for an inhibitory mechanism to switch between
two languages constitutes training that is thought to underlie
the observed advantage in conflict tasks, even in non-verbal
ones (Hilchey & Klein, 2011). Beyond conflict tasks, the
bilingual advantage seems to extend to other executive
function components as well: according to Kroll and
colleagues (2012), all three major executive functions -
cognitive flexibility, working memory, and response
inhibition - are positively affected by bilingualism.

The precise processes involved are subject to debate: the
Bilingual Inhibitory Control Advantage hypothesis (BICA)
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posits that frequent use of inhibitory processes for language
selection underlies bilinguals’ efficient inhibition capabili-
ties. Therefore, they, as compared to monolinguals, should
display reduced interference effects, specifically in conflict
trials. The Bilingual Executive Processing Advantage
hypothesis (BEPA) focuses on a more general bilingual
advantage across executive function domains, thus expect-
ing performance benefits in all types of executive functions,
not only conflict-related ones (Hilchey & Klein, 2011). Note
that these two hypotheses are not necessarily mutually
exclusive (Hannaway et al., 2019).

The claim of a bilingual advantage on cognitive control
has been substantiated in empirical research, comparing
bi- or multilingual to monolinguals in a wide range of tasks,
such as the Simon task (e.g., Coderre & van Heuven, 2014b;
Woumans et al., 2015), the Flanker task (Sorge et al., 2017),
and the Stroop task (e.g., Bialystok et al., 2008; Coderre &
van Heuven, 2014a). However, recent studies have failed
to replicate a bilingual advantage on cognitive control
(e.g., von Bastian et al., 2016; Paap & Greenberg, 2013),
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and recent meta-analyses find small effects at best
(Dunabeitia & Carreiras, 2015) or question the effect alto-
gether (e.g., Lehtonen et al., 2018).

Some authors argue that the inconsistent findings can be
explained by differences within the bilingual population
(e.g., Bak, 2016; Dunabeitia & Carreiras, 2015). Individuals
may differ with respect to immersion in their second lan-
guage (L2). Living in one’s second language environment
should constitute frequent training in inhibiting the more
automatically activated first language (L1; Coderre & van
Heuven, 2014a). Accordingly, bilingual individuals should
display better performances in tasks requiring inhibiting
irrelevant information. Consistent with this reasoning,
Yow and Li (2015) and Bonfieni and colleagues (2019)
found better executive control skills in immersed bilinguals.
However, others failed to find an immersion effect (e.g.,
Heidlmayr et al., 2014). Note that factors such as duration
of immersion might need to be taken into consideration
(Linck et al., 2009).

Following the same logic, an earlier age of second
language acquisition should facilitate cognitive control
because of more practice inhibiting the L1. Indeed, the early
age of L2 acquisition has been found to relate to better exec-
utive control skills in bilinguals (Bylund et al.,, 2019; Tao
et al.,, 2011; Yow & Li, 2015). Similarly, higher proficiency
in L2 implies more practice in inhibiting the first language.
Supporting this claim, Bonfieni and colleagues (2019) and
Coderre and colleagues (2013) showed that a higher L2 pro-
ficiency predicted lower costs in an interference task. Low
proficiency L2 users seem to access their L2 through their
L1, while higher proficiency users may inhibit their L1 when
communicating in their L2 (Luk, 2015; Tzelgov et al., 1990).
The latter have more training in inhibiting, a claim sup-
ported by correlations between higher L2 proficiency and
lower costs in interference tasks (Bonfieni et al., 2019;
Coderre et al., 2013).

Beyond interindividual influences such as proficiency
and immersion, the impact of bilingualism on cognitive
control can be modulated by the similarity between two
languages. Some languages use the same letters (script
similarity), and some have words that sound similar
(phonological similarity).

Script similarity could have opposing effects (see
argumentation in Coderre & van Heuven, 2014b): on the
one hand, the same script leads to greater cross-linguistic
activation, and in learning to manage this, individuals
acquire executive control capabilities, which underlie the
bilingual advantage. This is in line with empirical results
from Coderre and van Heuven (2014b). On the other hand,
different-script bilinguals might experience an advantage in
the Stroop task as they can use the script as a cue to
help restrict lexical selection. One study showed that same-
script bilinguals could experience more between-language
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interference during a Stroop task than different-script
bilinguals (van Heuven et al., 2011).

With respect to phonological word similarity, the ten-
dency to translate a word during a task is reduced for
non-similar words (Preston & Lambert, 1969), which could
lead to lower processing costs. Studies using various lexical
tasks report a higher interference the more similar a foreign
word is to its equivalent in participants’ L1 (Allen &
Conklin, 2013; Dyer, 1971; Migiste, 1984), even if only
phonologically (Sumiya & Healy, 2004). Therefore, one
could expect that words that sound similar in participants’
L1 and L2 lead to more interference in a lexical inhibitory
control task.

In addition, when stimuli are presented in the L1, they
should constitute more interference compared to stimuli
presented in the L2. Since the L1 is activated more automat-
ically and is thus more difficult to inhibit compared to an
individual’s L2, a higher interference of the L1 word stimu-
lus is expected, for example, in a Stroop task (Heidlmayr
et al., 2014). A higher interference has been documented
empirically in various L1 tasks (Aparicio et al., 2017; Braet
et al., 2011; Magiste, 1984).

One classical inhibitory control task is the Stroop para-
digm (Stroop, 1935). Participants are asked to name the
ink color in which a color word is written. Ink color matches
the color word (congruent trials, C) or it does not (incongru-
ent trials, IC). Usually, as a control, neutral trials (N) in
which the ink color of non-color words has to be named
are included in the task. It has been consistently shown that
performance in incongruent trials is worse than in neutral
trials (i.e., interference effect; e.g., Kalanthroff et al,,
2018). And performance in congruent trials is even better
than that in neutral trials, referred to as the facilitation
effect (e.g., Coderre et al., 2013). Among the different exec-
utive functions, the Stroop paradigm is usually employed to
assess inhibitory control (Marian et al., 2013). The Stroop
task is especially helpful for testing the effects of bilingual-
ism on inhibitory control because it allows varying task
language, as well as distinguishing between general execu-
tive or inhibition-specific advantages. Whereas interference
trials specifically require inhibition, performance in all
trials, regardless of congruency, does not discriminate
between executive functions (Coderre & van Heuven,
2014a). Therefore, better performance collapsed across
trials is an indicator of BEPA, and better performance
specifically in IC-N trials of BICA (Hannaway et al., 2019).

Performance in the Stroop task as a measure of cognitive
control on a behavioral level is assessed through reaction
times and error rates. Neural responses can contribute to
a better understanding of behavior during the Stroop task
(Liotti et al., 2000); for instance, it can be inferred whether
possible advantages arise on stimulus or response level.
Electrophysiological correlates of cognitive control often
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reported in association with the Stroop task are, for instance,
the event-related potential components N40O and Late
Positive Complex (LPC), as well as rhythmical brain activity
in the theta frequency range (around 5 Hz) obtained at
frontal recording sites (Frontal-Midline Theta, FM-0).

N400 represents medial frontal-central negativity
between 350 and 500 ms after stimulus onset. A more neg-
ative N400 amplitude has been associated with increased
interference (West & Alain, 2000). During the Stroop task,
studies showed increased negative amplitude in IC com-
pared to C or N trials (e.g, Coderre & van Heuven,
2014a; Zhao et al., 2015). N40O has been associated with
response rather than stimulus conflict (e.g., Chen et al.,
2011; Zhao et al., 2015).

The LPC most likely emerges between 600 and 900 ms
after stimulus onset, around parietal regions (Ergen et al.,
2014; Larson et al., 2009). Similar to N400, LPC has been
consistently associated with behavioral measures of cogni-
tive control with an increased positive amplitude occurring
during the conflict (West et al., 2005; see also Kousaie &
Phillips, 2012), but it seems to be less affected by practice
than reaction times (Zhao et al., 2015).

Another electrophysiological correlate of cognitive
control is FM-8, occurring in the prefrontal cortex at around
4-8 Hz (Cooper et al., 2019; Sauseng et al., 2019). FM-0 is
hypothesized to reflect the implementation of cognitive
control and communication across different brain regions
(Berger et al,, 2019; Cavanagh & Frank, 2014). There is
compelling empirical evidence relating FM-6 to cognitive
control in tasks such as the Simon task (e.g., van Driel
et al., 2015), Flanker task (e.g, Miickschel et al., 2016),
and Stroop task (e.g., Hanslmayr et al., 2008).

Whereas N400 seems well suitable for investigating
inhibition-specific processes, FM-8 does not respond selec-
tively to inhibitory control but is involved in identifying
conflict (Hanslmayr et al., 2008). FM-0 is even discussed
as a rather global mechanism during cognitive control -
specifically involved in several forms of proactive as well
as reactive cognitive control (see, e.g., Cooper et al.,
2019; Kaiser et al., 2019; McKewan et al., 2020; Sauseng
et al., 2019). Therefore, in addition to behavioral parame-
ters, these measures could be particularly helpful in dissoci-
ating BICA and BEPA.

In an EEG study using a Stroop paradigm, Hannaway
and colleagues (2019) investigated some factors potentially
contributing to the bilingual cognitive advantage. Instead of
comparing bi- and monolinguals, they compared partici-
pants who were immersed in their second language and
participants who were not. The immersed group did not
outperform the non-immersed one on a behavioral level.
The authors argue that the lack of an immersion effect
might be due to the fact that the English native speakers
inadvertently have not been more immersed than the
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German speakers because both groups reported no differ-
ence in their use of L1. For each participant, stimuli were
presented in their mother tongue (L1) as well as in their
second language (L2), with some stimuli sounding similar
between those two languages and others dissimilar. Similar
trials required more inhibitory control than dissimilar stimuli
on a neuronal and behavioral level. In order to better under-
stand the underlying mechanisms, namely BICA and BEPA,
they compared the N400O component, which represents
response conflict, and the LPC component, which rather rep-
resents stimulus conflict (Zhao et al., 2015). Part of the
results were consistent with BICA, others with BEPA. Given
the disparity of findings in the field, it remains an open ques-
tion whether a bilingual advantage for cognitive control is
robust and to what extent it is moderated by additional fac-
tors. In the present study, we aimed to reproduce and extend
the findings of Hannaway and colleagues (2019) with differ-
ent and more language groups and three neuronal corre-
lates, namely N400, LPC, and FM-8. We, too, studied the
effects of bilingualism on cognitive control with a Stroop task
while simultaneously recording EEG. We tested three
(quasi-) experimental groups, with different mother tongues
(Slavic, Romance, or German), with all participants currently
living in Germany and having a second language level of at
least B2. Therefore, the Slavic and Romance language
groups were currently immersed in their L2, and the
Germans constituted a non-immersed control group. Partic-
ipants were presented congruent, incongruent, and neutral
trials. Each participant was tested in their L1 and L2, with
words sounding either similar (S) or dissimilar (DS) between
these two languages. For each group, we measured the costs
in the Stroop task as an operationalization of cognitive con-
trol. High costs are indicated by (1) longer reaction times,
(2) higher error rates, (3) more negative N40O amplitudes,
(4) more positive LPC amplitudes, and (5) a stronger FM-0
activity.

In our study, we aimed to replicate the classical findings
of the Stroop task, that is, incongruent trials should elicit
higher costs than neutral or congruent trials. Second, we
assumed that the two groups immersed in their second
language (Slavic and Romance) showed less costs in the
Stroop task compared to the German group, which was
not immersed.

Moreover, we expected that groups with the same script
in L1 and L2 (Romance and German) would differ in costs
from the group with different scripts (Slavic) in the Stroop
task. Furthermore, we expected that similar words require
more costs than dissimilar sounding words. Finally, we
expected less interference in L2 than in L1 trials.

In addition, we planned exploratory correlation analyses
between the costs in the Stroop task and three predictors of
cognitive control that have been identified in the literature.
We expected less costs in the L2 Stroop task; the longer
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a person was immersed in their L2, the earlier the person
has acquired their second language (i.e., age of acquisition)
and the more proficient a person was in their L2.

Compatible with the BEPA account, lower costs for
bilinguals should be found collapsed across all congruency
conditions, while BICA predicts less costs for bilinguals only
when interference is given (IC-N trials).

Methods

Design

A mixed design consisting of one between-subject factor
and three within-subject factors was implemented. The
between-subject factor was the first language of participants
(German, Romance, or Slavic). Here, we analyzed L2
immersion (Germans as a non-immersed group versus
Romance and Slavic immersed) and script similarity
between L1 and L2 (Slavic group with low script-similarity
versus German and Romance with high script-similarity).
The within-subject factors were task language (words
appeared either in the mother tongue [L1] or the second
language [L2]), congruency between presented words and
their ink color (incongruent [IC], neutral [N] or congruent
[C]); and word similarity between task languages (words
sounded either similar [S] or dissimilar [DS] in the two task

languages).

Participants

We calculated the necessary sample size a priori according
to the effect size reported in Hannaway and colleagues
(2019) of f = .25 with the parameters a = .05, 1 — = .8
for a repeated measures ANOVA) using G*Power software
(Faul et al., 2007). The analysis revealed a minimum of
14 participants per group. As a precautionary measure,
we recruited one more person in each group, resulting in
45 participants in total.

Inclusion criteria for participants were age (18-45 years)
and an L2 proficiency level of at least B2 (Common
European Framework of Reference; Council of Europe,
2001). The proficiency level of L2 was assessed via self-
report.

Two German participants were excluded because they
did not fulfill the L2 proficiency criterion and one Slavic
participant due to technical problems. Thus, our sample
included 42 participants (13 male and 29 female, M,z =
24.55 years, SD = 5.06). The Romance group included
15 individuals (6 male and 9 female): 5 Portuguese,
5 Spanish, and 5 French natives. The Slavic group consisted
of 14 participants (1 male and 13 female) with Russian as
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their L1. Both groups spoke German as L2. These two
groups did not differ significantly in the duration of immer-
sion and L2 proficiency level. The German group comprised
13 individuals (6 male and 7 female) with Spanish or French
as their L2. The Slavic group was significantly older than
the other groups (M = 28.29, SD = 5.66). Self-reported L2
proficiency in the German group was significantly lower
than in the other two groups, as was the frequency of L2
use. For EEG analyses, four additional participants (two
Slavic, one German, and one Romance) were excluded
due to a large number of EEG artifacts (more than 30 out
of 60 trials per block). Sample characteristics are summa-
rized in Table 1.

All participants were based in Munich, Germany. They
were recruited through personal contact, flyers, or online.
The study was approved by the local ethics committee
and conducted according to the Declaration of Helsinki
(World Medical Association, 2013).

Materials

A pre-screening questionnaire was presented on the SoSci
Survey (Leiner, 2019) website. Participants indicated their
respective L1 and L2, L2 proficiency, age of L2 acquisition,
and current usage of L1 and L2, as well as the duration of
residence in Germany.

The Stroop task was presented via NBS presentation
0.71 software (Neurobehavioral Systems, 2019). All stimuli
were presented in the center of a 22" monitor on a gray
background. Each trial started with a black fixation cross
appearing for 500 ms, followed by a blank screen for
300 ms; the stimulus was then shown for 1,000 ms, with
an inter-trial interval of 2,000-2,500 ms. Each participant
underwent four stimulus blocks: L1-S, L1-DS, L2-S, and
L2-DS. Each block contained 180 trials: 60 C, 60 IC, and
60 N (instead of a word, a string of symbols was displayed;
e.g., “%%%%"), preceded by a practice block of 27 trials.
Blocks with similar words used the colors orange, pink,
and purple in one of the languages (German: Orange, Rosa,
Violett; Portuguese: Laranja, Rosa, Violeta; Spanish:
Naranja, Rosa, Violeta; French: Orange, Rose, Violet;
Russian: Opanzkenbiit, Po3osbiit, @uosieToBhif). The dissimi-
lar words were black, green, and yellow (German: Schwarz,
Griin, Gelb; Portuguese: Preto, Verde, Amarelo; Spanish:
Negro, Verde, Amarillo; French: Noir, Vert, Jaune; Russian:
Uépnbiii, 3enénwii, XKéarwit). As response keys, the
numbers 1-3 on the number pad were used in similar word
blocks, the numbers 7-9 in dissimilar ones. Each button had
a sticker displaying the respective color.

EEG data were recorded using a BrainAmp amplifier
(BrainProducts, Gilching, Germany), 32-channel Ag/AgCl
electrode caps (Easycap, Herrsching, Germany), and
Brain Vision Recorder software (BrainProducts, Gilching,
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Table 1. Sociodemographic and linguistic characteristic of participants by group

German (n = 13)

Romance (n = 15) Slavic (n = 14)

Variable Mean SD Range Mean SD Range Mean SD Range
Demographic
Gender 1.46 0.52 1.0 1.40 0.51 1.0 1.07 0.27 1.0
Age 21.46 1.45 5.0 23.73 4.48 15.0 28.00 5.72 19.0
Handedness 0.85 0.38 1.0 0.53 0.74 2.0 0.86 0.36 1.0
L2 variables
Immersion duration* 18.31 7.10 23.0 3.55 3.18 10.7 7.00 6.35 18.0
Age of acquisition 10.62 4.89 16.0 11.00 6.39 19.0 17.21 8.30 30.0
Proficiency 4.54 0.78 2.0 5.33 0.82 2.0 5.29 0.73 2.0
Usage 2.15 1.14 3.0 4.80 0.41 1.0 4.86 0.53 2.0
Note. Gender: 1 = female; 2 = male. Handedness: —1 = left-handed; 0 = ambidextrous; 1 = right-handed. Age, immersion duration and age of acquisition in
years. Proficiency: 1 = min; 6 = max (A1-C2, CEFR). *For the German group, immersion duration refers to L1 immersion (not L2 as for the other groups), since

all participants were living in Germany at the time of the experiment.

Germany). EEG and behavioral data were processed with
Brain Vision Analyser 2.1 software (BrainProducts, Gilching,
Germany) and statistically analyzed in RStudio (RStudio
Team, 2015).

Procedure

EEG activity was recorded during the Stroop task. The
experiment consisted of 4 blocks (L1-S, L1-DS, L2-S, and
L2-DS) with 180 trials each. Blocks were counterbalanced
across participants within each group. Before each block,
participants were informed about the language and the
relevant colors of the next block.

EEG data were recorded using 30 Ag/AgCl electrodes
positioned according to the 10-20 system mounted in the
elastic cap and two additional electrodes on the left and
right ear lobes to re-reference the signal post-measurement
(Easycap, Herrsching, Germany). The reference was set at
FCz, the ground at AFz. Impedances were kept below
15 kQ. Data were recorded at a 500 Hz sampling frequency
and a resolution of 0.1 pV, with an online bandpass filter of
0.016-250 Hz and a notch filter at 50 Hz.

Data Analysis

Behavioral Data

We calculated median reaction times (RTs) and the percent-
age of correct responses (accuracy) for each condition. As
suggested by Hannaway and colleagues (2019), the
contrast between incongruent and neutral trials (IC-N)
was calculated as an indication of an interference effect
(BICA). To test for a general advantage (BEPA), trials were
collapsed across congruency conditions. Since the Stroop
task is not the best paradigm for dissociating inhibition from
other executive functions such as shifting or updating, it can
be debated whether this approach suggested by Hannaway
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and colleagues (2019) is optimal. To keep our study
comparable with Hannaway and colleagues (2019), we
nevertheless followed their suggested analysis protocol.

We calculated repeated-measures ANOVAs to test for
congruency effect (IC, C, and N), and ANOVAs with
within-subject factors similarity of color terms (S, DS) and
task language (L1, L2), and between-subject factor L1-group
(German, Romance, Slavic), for dependent variables RT
and accuracy. If a Mauchly test indicated a violation of
the sphericity assumption, Greenhouse-Geifder corrected
p-values (pgg) are reported. We calculated post hoc t-tests
and applied a Bonferroni correction for unplanned con-
trasts. Spearman rank tests were used to test correlations
between L2 factors (age of acquisition, usage, proficiency,
and immersion duration) and dependent variables in L2
blocks for the two immersed groups.

EEG Data

EEG data were preprocessed using Brain Vision Analyzer
2.1. A zero phase-shift filter (IIR Filter) was applied to the
raw EEG, with a low cutoff of 0.1 Hz and a high cutoff of
30 Hz. All channels were then re-referenced to digitally
linked earlobe electrodes, Al and A2. To control for eye-
movement artifacts, the horizontal (hEOG) and vertical
(VEOG) oculomotor channels were interpolated using linear
derivation. The hEOG was calculated from F7 and F8
electrodes. To calculate the VEOG, we used the data from
Fpl and Fp2 electrodes. These estimates were used for auto-
matic ocular correction Independent Component Analysis
(ICA) as implemented in BrainVision Analyzer 2.1. Because
visual inspection of the data showed some high-frequency
noise at electrode locations Fpl and Fp2, those were interpo-
lated for all participants using a spline interpolation.

Raw data were inspected for artifacts based on the
following criteria: (a) maximal allowed amplitude steps of
20 pV/ms, (b) maximal allowed amplitude differences
of 200 pV in 200 ms, (c) a minimal allowed amplitude of
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—200 pV and maximal allowed amplitude of +200 uV. EEG
not fulfilling these criteria was marked as an artifact from
200 ms before the occurrence of this signal to 200 ms after
the end of this diverging signal.

Each participant’s preprocessed EEG was divided into
segments, from 300 ms before stimulus onset to 800 ms
after (for FM-0) and 1,500 ms after (for ERP analyses).
For ERP analyses, segments were baseline-corrected with
respect to the 300 ms before stimulus onset. Artifact-free
segments were then averaged for each participant and each
level of congruency separately. On average, a similar
number of artifact-free trials remained for analysis for the
twelve experimental conditions (48.9, 51.1, 51.3, 47.7, 51.5,
50.5, 52.7, 45.3, 48.4, 47.8, 46.1 and 52.2 trials for condi-
tions L1.S C, L1 DS C, L1 S I, L1 DS I, L1 S N, L1 DS N,
12S C, 12 DS C,L2S 1 L2 DS I L2 SN, and L2 DS N,
respectively).

For N400 amplitudes, data for the time interval of 350-
500 ms after stimulus onset were averaged. We used data
from Cz, C3, C4, CPl, CP2, and Pz electrodes, based on
previous studies (e.g., Coderre et al., 2013; Liotti et al,
2000). LPC was averaged over the time interval of 600~
900 ms post-stimulus at electrode sites CP1, CP2, P3, P4,
and Pz (Hannaway et al., 2019).

In order to calculate FM-6, the sampling rate of 500 Hz
was converted into 512 Hz using spline interpolation. There-
after, Laplacian current source density was calculated as
suggested for FM-0 (Berger et al., 2019, Griesmayr et al.,
2014; McKewan et al., 2020). Data were segmented 300~
800 ms after stimulus onset. Fast Fourier Transformation
was applied, and segments were averaged for each partici-
pant and each condition separately, resulting in amplitude
spectra with a 2 Hz frequency resolution. FM-6 was
obtained at electrode site Fz at a frequency range between
4 and 8 Hz (similar to Berger et al., 2019; Griesmayr et al.,
2014; McKewan et al., 2020).

Results

Reaction Time

Collapsing across groups and blocks, a one-way ANOVA
showed a significant congruency effect (F[2, 82] = 98.86,
Peg < -001, n? = .06). Stroop interference and facilitation
effects were confirmed by paired t-tests, with higher
RTs in IC trials (Mc = 588.28, SEc = 7.47) compared to
N (My = 554.62, SEy = 6.56, [167] = 11.75, p < .001) and
C trials (M = 538.49, SE¢ = 6.01, £[167] = 17.39, p < .001)
and lower RTs in C compared to N trials (¢[167] = 8.47,
p <.001).

Collapsing across congruency levels, data were analyzed
using a 3-way mixed ANOVA with the factors native
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language (Romance/Slavic/German), stimulus language
(L1/L2), and similarity of color terms (S/DS). There was a
main effect of native language (F[2, 39] = 3.84, p = .03,
n® = .15): post hoc t-tests indicated that on average, the
German group (Mge, = 517.34, SEger = 6.46) reacted faster
than both the Romance [Mgom = 562.8, SErom = 5.78,
t[323] = —5.25, p < .001) and the Slavic group [Mgp, =
598.0, SEgjay = 7.05, t[321] = —8.44, p < .001), with lower
RTs in the Romance group than in the Slavic one
(¢[328] = —3.86, p < .001).

A 3-way mixed ANOVA with the same factors was
conducted for median RT differences between IC and N
trials. Here, the interaction between the three factors
reached significance (F[2, 39] = 3.25, p = .049, n° = .02).
In the German group, IC-N differences in DS blocks were
larger for L1 than L2, whereas in L1 blocks, they were
larger for DS than S. After Bonferroni-corrections, the
paired post hoc t-tests no longer revealed significant
differences.

Spearman rank tests for correlations between median
RTs in L2 blocks and L2-related factors (age of acquisition,
usage, proficiency, and immersion duration) did not yield
any significant results, neither for global RTs nor for IC-N
differential values.

Task Accuracy

Collapsing across groups and blocks, a one-way ANOVA on
the percentage of correct responses also showed a signifi-
cant congruency effect (F[2, 82] = 13.68, p < .001, n* =
.12). Again, interference as well as facilitation effects were
found in paired t-tests, with a lower M percentage of correct
answers in IC trials (Mjc = 96.63, SEc = 0.32) compared to
N [My = 97.83, SEx = 0.18, t[167] = 3.64, p < .001) and
C trials [M¢c = 98.51, SEc = 0.16, t[167] = 6.04, p < .001)
and lower percent correct values in N than C trials
(t[167] = 3.37, p < .001).

A 3-way mixed ANOVA with the factors native language,
stimulus language, and similarity of color terms was
conducted for percent correct values collapsed across con-
gruency. This yielded a significant similarity main effect
(F[1, 39] = 12.29, p < .001, n? = .05) with higher percent
correct values for S (Mg = 98.11, SEg = 0.17) than DS blocks
(Mps = 97.21, SEpg = 0.22) on average.

The equivalent ANOVA for the IC-N difference value of
percent correct yielded a significant interaction between the
three factors native language, stimulus language, and simi-
larity of color terms (F[2, 39] = 6.03, p = .005, n° = .04).
Post hoc paired #-tests revealed that for L1, the difference
in the percentage of correct answers was higher for S than
DS in the German group and higher for DS than S in the
Romance group, but these effects were no longer significant
after Bonferroni-correction.
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Spearman rank tests for correlations between M percent-
ages of correct responses in L2 blocks and the four L2-
related factors did not yield any significant results, neither
for global percent correct nor for IC-N differential values.

N400

A one-way ANOVA analyzing the N400 amplitude col-
lapsed across all blocks and groups showed a difference
in amplitude depending on congruency levels (F[2, 74] =
32.43, psg < .001, 1?2 = .01). Post hoc paired t-tests showed
a significant interference effect (¢[37] = 7.48, p < .001).

Journal of Psychophysiology (2023), 37(2), 88-100

Figure 1. Congruency effects for ERP
components N400 and LPC as well as
FM-6 activity. All three EEG parameters
show a significant interference effect
(IC-N; left) but no facilitation effect (C-
N; right). For statistical analysis, elec-
trode sites highlighted in bold were
averaged for N400 and LPC; for FM-6
activity, amplitude values at electrode
site Fz (highlighted in bold) were used
for statistical analysis.

However, we did not find a facilitation effect: on the con-
trary, the average amplitude was more negative for C than
for N trials (¢[37] = 4.28, p < .001) (Figures 1 and 2A).
Regarding the 3-way mixed ANOVA for N400O ampli-
tudes collapsed across congruency conditions with factors
of native language, stimulus language, and similarity of
color terms, it revealed no significant effects. As for the
analogue 3-way ANOVA for the IC-N amplitude difference,
a significant interaction between the native language
and stimulus language was found (F[2, 35] = 3.76, p =
.03, n? = .04). Post hoc t-tests showed that the IC-N
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Figure 2. (A) ERP traces for congruent, incongruent, and neutral conditions across all participants averaged for electrode sites C3, Cz, C4, CP1,
CP2, and Cz. Note the interference effect for the N400 component between 350 and 500 ms post-stimulus. (B) Difference waves between
incongruent and neutral conditions in L1 and L2 for German, Romance, and Slavic groups. Note the reduced N400 congruency effect in L1 and the

enlarged congruency effect in L2 for the German group.

difference for L2 was larger for the German group than for
the other two groups; also, in the German group, the differ-
ence was larger for L2 than for L1 (Figure 2B). These effects
were no longer significant after Bonferroni-correction.

Spearman rank tests for correlations between N400
amplitudes in L2 blocks and the four L2-related factors
did not yield any significant results, neither for global
N400 amplitudes nor for IC-N differential values.

LPC
A congruency effect was also found for LPC in a one-way
ANOVA (F[2, 74] = 3.8, pog = -034, n° = .005) with paired
t-tests confirming the Stroop interference effect in IC trials
compared to N (¢[37] = 2.16, p = .02) and C (¢[37] =2.2,p =
.02) but not a facilitation effect (p > .05) (Figures 1 and 3A).
In the 3-way mixed ANOVA with LPC amplitudes
collapsed across congruency as the dependent variable,
an interaction between the three factors native language,
stimulus language, and similarity of color terms was signif-
icant (F[2, 35] = 3.4, p = .045, n? = .012). Post hoc paired

© 2022 The Author(s). Distributed as a Hogrefe OpenMind article

t-tests showed that for S, amplitudes were higher in L1
for the German group and higher in L2 for the Slavic group;
after applying a Bonferroni-correction, these comparisons
were no longer significant. For the equivalent ANOVA with
the IC-N amplitude difference as the dependent variable,
no effects were found.

Spearman rank tests for correlations between LPC ampli-
tudes in L2 blocks and the four L2-related factors did not
yield significant results for IC-N differential values. Global
LPC amplitudes in L2 blocks correlated positively only with
L2 proficiency (rs = 0.31, p = .03) and L2 usage (rs = 0.318,
p = .03); however, these correlations were no longer signif-
icant after Bonferroni correction.

FM-0

FM-6 amplitudes differed between congruency conditions,
indicated by the results of a one-way ANOVA (F[2, 74] =
6.01, p = .004, n* = .003). Paired t-tests revealed a
significant interference effect. The average amplitude was
higher in IC trials than in N (¢[38] = 2.53, p = .016) and
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Figure 3. (A) ERP traces for congruent, incongruent, and neutral conditions across all participants averaged for electrode sites CP1, CP2, P3, Pz,
and P4. Note the congruency effect for the LPC component between 600 and 900 ms post-stimulus. (B) LPC effect between German, Romance,
and Slavic groups as a function of script language and similarity of color words. Note that for similar color words, the German group showed a
stronger LPC in L1, whereas this was the case for the Slavic group in L2.

C trials (¢[38] = 3.30, p = .002). There was no facilitation Collapsing across congruency conditions, a 3-way mixed
effect: the amplitudes did not significantly differ between =~ ANOVA with factors of native language, stimulus language,
C and N trials (p > .05) (Figure 1). and similarity of color terms did not reveal any significant
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effects. The same applies to the equivalent ANOVA for
IC-N differential values.

Spearman rank tests for correlations between FM-0
power in L2 blocks and the four L2-related factors did not
yield any significant results, neither for global FM-6 ampli-
tudes nor IC-N differential values.

Discussion

The present study investigated the effects of factors associ-
ated with bilingualism on cognitive control, using a Stroop
task while simultaneously recording EEG. We were able
to replicate the classical Stroop effect. We found a robust
interference effect, i.e., incongruent trials produced more
costs than congruent and neutral trials for all dependent
variables. We found a facilitation effect on a behavioral
level. This pattern of results constitutes a plausibility check
of our task and our dependent variables. Note, though, that
we did not find evidence for a facilitation effect on a neural
level. In contrast, the N40O amplitude for C trials was even
more negative than for N trials, which is consistent with
Hannaway and colleagues (2019).

We predicted that groups that are immersed in their L2
perform better in the Stroop task. Therefore, the Romance
and Slavic groups should outperform the German group.
There was an effect of L1 on RTs when trials collapsed
across congruency conditions. However, contrary to our
expectations, the German group was faster than the
Romance and Slavic groups. We did not find an effect of
immersion on RTs calculated for IC-N trials, error rates,
or neuronal activity. The lack of an effect for IC-N trials sug-
gests that the L1 effect on RTs is not specific to inhibition but
rather constitutes a broader advantage in RTs (for the Ger-
man group). This might be due to group characteristics that
were unintended. On average, the German group was the
youngest, followed by the Romance and the Slavic group.
In an exploratory ANCOVA analysis, including age as a
covariate, the effect of the group is indeed no longer signif-
icant (p = .24). Thus, it is conceivable that age slowed down
overall RTs. This seems likely because age-related RT differ-
ences in executive control tasks have been emmpirically
documented (e.g., Bialystok et al., 2008). Note that in the
study by Hannaway and colleagues (2019), immersed par-
ticipants also showed higher costs, even though their groups
did not differ in age.

Moreover, there were no significant correlations between
the duration of immersion and any dependent variables.
Therefore, our study challenges the assumption of a positive
effect of immersion on the bilingual advantage and is in line
with the results obtained by Hannaway and colleagues
(2019), who also did not find a positive behavioral effect

© 2022 The Author(s). Distributed as a Hogrefe OpenMind article

of immersion in L2. Hannaway and colleagues explained
their findings with a lack of difference in the degree of L2
usage between their immersed and their non-immersed
group. In our study, the immersed and non-immersed
groups differed in their degree of L2 usage (p < .001), and
we still did not find any positive immersion effect.

Note that participants recruited in the study by Hannaway
and colleagues (2019) and our study have been exposed to
their second language for a long time. Heidlmayr and
colleagues (2014) argued that cognitive control is only nec-
essary at the beginning of an immersion period, which might
explain the lack of an immersion effect here. That is, there
might be a curvilinear rather than a linear effect of immer-
sion. Moreover, immersion in a second language might
strongly vary in time. For instance, one might feel much
more immersed when writing a paper in L2 than when
having family or friends over for some time and mainly
using L1. These rather state-like than trait-like immersion
effects would need to be addressed in future research.

There was an effect of word similarity on the percentage
of correct answers collapsed across congruency levels; that
is, when words sounded similar between the two languages,
there were more correct answers than when words sounded
dissimilar. This pattern is contrary to our expectation that
similar color words would lead to more interference
between the two languages, resulting in higher costs. One
possible explanation for this pattern is that similar items
require less translation time. Consistent with this reasoning,
similarity sped up response times most in congruent trials,
i.e., trials with minimal conflict.

A special feature of the present study is the inclusion of a
language group (Slavic) with a different scripture. This
group displayed the highest reaction times collapsed across
congruency conditions, as was also observed by Coderre
and van Heuven (2014b). If individuals with a lower ortho-
graphic overlap trained inhibitory control less, the effect
should have manifested in the IC-N analyses. It, therefore,
seems plausible that it occurred due to a higher mean age.
The unexpected effect of script similarity must also be
interpreted with caution, as a German (L1) Slavic (L2) group
could not be recruited.

Finally, we expected L1 stimuli to elicit more costs than L2
stimuli because L2 stimuli should constitute less interfer-
ence. However, there was no effect of task language on
any of the dependent variables. This contradicts the results
found by Aparicio and colleagues (2017), Braet and col-
leagues (2011), and Liu (2007). One possible explanation
for this discrepancy is that L2 proficiency was rather high
in our sample, with its mean level slightly above C1 (Council
of Europe, 2001), and L2, therefore, might approach the L1
level in its automaticity. In line with this contention, Mégiste
(1984) showed that balanced bilinguals did not differ in their
inhibition costs for any of their two spoken languages.
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On an exploratory basis, we asked participants to report
their age of L2 acquisition, L2 proficiency, and L2 immer-
sion duration. We did not find any correlation between
these factors with performance measures in the L2 Stroop
task. This is consistent with the study of von Bastian and
colleagues (2016), which did not find any effect of these
factors with a stronger bilingual advantage.

It is surprising that, in contrast to Hannaway and
colleagues (2019), no main effects were found when the
IC-N difference was the dependent variable. It seems that
our results fit better into the BEPA framework, which
expects general executive divergences, not interference-
specific ones. This also supports the general trend found
in the literature (see, e.g., Hilchey & Klein, 2011).

There were some noteworthy differences between the
present study and the one by Hannaway and colleagues
(2019). First, our sample size was larger. Lehtonen and
colleagues (2018) argued in their review that the bilingual
advantage was typically found only in studies with small
sample sizes, possibly because of a publication bias.
Nonetheless, a larger sample size might be desirable to
reduce the possibility of false negatives accounting for null
effects in the present data. Second, we included a wider
range of languages. Recruiting a Slavic language group for
our experiment made it possible to test for a difference in
the script. It is possible that the English and German groups
that were tested in Hannaway and colleagues’ (2019) study
were more homogenous than our samples. Our participant
groups differed in age and gender, and it is also possible that
there are more cultural differences between Slavic and
Romance groups and a German group as compared to an
English-speaking group. It is noteworthy that the Romance
group consisted of three different language groups, which
were French, Spanish, and Portuguese. Testing more hetero-
geneous groups might mask some of the previously reported
effects. A limiting factor might be that in the present study,
participants achieved a percentage of correct responses
close to the ceiling (M = 97.67%). Our task might have been
too easy to stress participants’ cognitive capacities, possibly
due to a large number of trials. Moreover, a wider range of
paradigms beyond the Stroop task might be necessary to
properly investigate the impact of bilingualism on inhibition,
specifically, or more generally, on executive functions (such
as shifting and updating in addition).

Conclusion

In light of the ongoing debate about the robustness of a
bilingual advantage, the present study was designed based
on Hannaway and colleagues (2019) while analyzing differ-
ent language groups (German, Slavic, Romance) as well as
further linguistic and neural variables.

Journal of Psychophysiology (2023), 37(2), 88-100

Stroop effects were present on a neural and behavioral
level. The postulated inhibitory advantage of L2-immersed
bilinguals was not confirmed: as in Hannaway and col-
leagues’ (2019) study, RTs showed the opposite pattern.
The same applies to word similarity, which was expected
to increase interference but led to a higher percentage of
correct answers, as in Hannaway and colleagues (2019).
Participants with higher script similarity between their L1
and L2 had faster RTs than participants with different
scripts. Lastly, neither task language nor L2-related factors
affected costs in the Stroop task.

In sum, while some explored factors did not influence
costs in the Stroop task, others produced unexpected pat-
terns. These mixed results highlight the complexity of the
effect that bilingualism is claimed to have on executive
inhibitory functions.
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