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A growing body of research has reported a bilingual advantage in performance on executive control tasks,
but it is not known at what point in emerging bilingualism these advantages first appear. The present
study investigated the effect of early stage second-language training on executive control. Monolingual
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for the control group and no differences between groups on behavioral measures. Results are discussed
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in terms of neural changes underlying executive control after brief second-language learning.
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1. Introduction

Lifelong bilingualism has been shown to enhance performance
in verbal and nonverbal executive control tasks across the lifespan
(review in Bialystok, Craik, Green, & Gollan, 2009). The presumed
source of this effect is the well-established finding that both lan-
guages are active for bilinguals when one is being used, requiring
a control mechanism to focus attention on the target language
and avoid intrusions from the competing language (Gollan &
Kroll, 2001; Green, 1998). This control mechanism is presumed
to be the executive control system used generally to control atten-
tion. Evidence from fMRI supports this interpretation by demon-
strating overlap in the networks involved in domain-general
executive control and language switching for bilinguals
(Abutalebi & Green, 2008; Luk, Green, Abutalebi, & Grady, 2012).
However, little research has examined the emergence of these
changes over time to determine how much bilingual experience
is necessary for these advantages to be manifest, and no research
has jointly investigated the behavioral and neural outcomes of sec-
ond-language (L2) learning at very early stages to capture the first
evidence of such changes. L2 learners are in a sense “bilinguals in
training” and so potentially provide powerful evidence for the
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origin and possible mechanism of processing differences found
with bilingualism.

Osterhout and colleagues (e.g., Osterhout, McLaughlin,
Pitkdnen, Frenck-Mestre, & Molinaro, 2006) have examined the
emergence of linguistic processing differences that follow from
early L2 learning by recording event-related potentials (ERPs). In
one study, McLaughlin, Osterhout, and Kim (2004) showed that
after just 14 h of university-level French instruction, students
showed significant changes in N400! amplitude during a lexical
decision task, even though behavioral performance was at chance.
These results not only demonstrate changes in the neural response
after second-language learning, but also show that these brain-
related functional changes associated with experience precede
behavioral changes. More recent research by this group (Tanner,
McLaughlin, Herschensohn, & Osterhout, 2013) compared native
German speakers with English speakers enrolled in college-level
German courses on grammaticality judgments in German. Native
German speakers and 3rd year L2 learners both showed the classic
P600 effect associated with syntactic violations, but subsequent
analyses indicated that there was individual variation within a group
of 1st year learners. Early learners displayed either N400O or P600
waveforms in response to syntactic violations. Moreover, the

! The N400 effect reliably occurs when processing semantic anomalies and the
P600 effect reliably occurs when processing syntactic anomalies (Osterhout & Nicol,
1999).
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amplitude of the P600 was positively correlated with behavioral per-
formance for all learners but not for native speakers. These results
support the notion that linguistic processing is highly malleable in
the early stages of L2 training, and that brain functional changes
due to training can be stage-like and vary among individuals.

Evidence from two imaging studies has also demonstrated the
effect of brief L2 training in adulthood on brain structure. First,
adults who underwent an intense three-month language training
program in one of three languages (Arabic, Dari, or Russian) at an
interpreter academy in Sweden showed increased hippocampal
volume and increased cortical thickness of three left hemisphere
regions: middle frontal gyrus, inferior frontal gyrus, and superior
temporal gyrus (Martensson et al., 2012). Second, in a diffusion
tensor imaging (DTI) study using monolingual English speakers
as participants, Schlegel, Rudelson, and Tse (2012) found that
9 months of Chinese instruction led to improved efficiency of white
matter tracts within the left hemisphere connecting language
areas, the temporal area of the right hemisphere, and within the
tracts crossing the genu of the corpus callosum. Not only do these
results demonstrate that brain structural reorganization plays a
role in adult L2 learning, but also that the connectivity changes
elicited from training parallel the results found in lifelong biling-
uals. Luk, Bialystok, Craik, and Grady (2011) showed better main-
tained white matter structure in tracts across the corpus
callosum and connecting frontal to posterior regions in bilinguals
than in comparable monolinguals. Similar results were reported
by Mohades et al. (2012) in a study comparing monolingual and
bilingual 8- to 11-year-olds, with the largest group difference
found along the left inferior occipitofrontal fasciculus, a white mat-
ter tract associated with semantic processing.

Together, these results from the bilingualism and L2 training lit-
erature indicate that functional and structural adaptations to the
brain can occur developmentally along a continuum of bilingual-
ism. Investigation of these early changes associated with language
learning has largely been confined to language tasks and left hemi-
sphere regions associated with linguistic processing. No study to
date has examined the early effects of L2 training on the neuronal
processes related to executive control, a set of processes associated
with bilingualism. There may also be connections in the other
direction, namely executive control processes influence language
learning (Bartolotti, Marian, Schroeder, & Shook, 2011) and lan-
guage processing (for review see Ye & Zhou, 2009). Our concern,
however, is not with the factors responsible for successful L2 learn-
ing (which undoubtedly include better executive control) but
rather with the consequences of L2 learning on executive control,
given equivalent initial levels of executive control for individuals
who do or do not receive the training. The primary challenge is to
understand how training in one domain (learning a second lan-
guage) can lead to changes in another domain (nonverbal executive
control). Understanding this process is the aim of the present study.

There is some evidence that brief forms of within-domain train-
ing can modify executive control networks. Rueda, Rothbart,
McCandliss, Saccomanno, and Posner (2005) trained children for
5days with exercises focused on attention and control and
reported that ERP waveforms for the trained children showed an
adult-like N2 effect on the child attentional network task (ANT)
with no changes found for the untrained children. Similarly,
Moreno et al. (2011) demonstrated that brief training produced
effects across domain. Preschool children who were given 20 days
of musical training showed larger P2 amplitude on the go-nogo
task, a measure of response inhibition, than did children who
received training in visual art. The change in P2 amplitude was
positively correlated with improved verbal intelligence scores,
supporting the claim for cross-domain influence.

The present study extended this research by investigating
whether brief L2 learning is sufficient to produce early modification

of neuronal responses to executive control tasks for both within-
and across-domain tasks in young adults. Because children are in
the process of developing competence across all domains of knowl-
edge, a more stringent test of experience-induced plasticity must be
based on evidence from adults. All of the tasks used in the present
study have previously demonstrated advantages in fully bilingual
adults compared to monolinguals: verbal fluency (letter condition;
Luo, Luk, & Bialystok, 2010), metalinguistic task (grammaticality
judgment; Moreno, Bialystok, Wodniecka, & Alain, 2010), and non-
verbal control (go-nogo; Moreno, Wodniecka, Tays, Alain, &
Bialystok, 2014).

Behavioral studies of verbal fluency have shown that bilinguals
generally produce fewer words than monolinguals (Bialystok,
Craik, & Luk, 2008; Gollan, Montoya, & Werner, 2002; Rosselli
et al., 2000). However, if the two groups are matched on vocabu-
lary size, then bilinguals perform equivalently to monolinguals in
the semantic condition (e.g., name “animals”) but outperform
them in the more difficult letter condition (e.g., name words that
begin with the letter “F”’) that requires executive control (Luo
et al., 2010). In addition to being more effortful because of the dif-
ficult selection criterion, the letter condition is associated with
brain regions involved in the executive control network (Grogan,
Green, Ali, Crinion, & Price, 2009).

Metalinguistic tasks were the first domain to demonstrate bet-
ter performance by bilingual children than monolinguals. In one
set of studies by Bialystok (1986), children were asked to judge
only the grammaticality of simple sentences, but in some condi-
tions, the meaning conflicted with the grammaticality (“Apples
grow on noses”), requiring executive control to focus attention
on the grammar and inhibit the salient but distracting meaning.
Bilingual children were more accurate than monolinguals in judg-
ing these anomalous sentences (review in Bialystok, 2001). Moreno
et al. (2010) extended this work to adults by administering a sim-
ilar task while recording ERPs. As with children, both monolinguals
and bilinguals performed comparably in the simple conditions, but
for the conflict sentences that required executive control, biling-
uals showed larger N400 amplitude for semantically anomalous
sentences and smaller P600 amplitude for syntactically incorrect
sentences that was more bilaterally distributed than was found
for monolinguals. This is evidence for a continued bilingual advan-
tage into adulthood for metalinguistic tasks that recruit the execu-
tive control system.

Finally, a commonly-used task to investigate nonverbal control
is the go-nogo paradigm in which participants press a key if one
kind of stimulus appears and refrain from responding if another
kind of stimulus is presented. It is a simple task that assesses fron-
tally-mediated inhibitory control and has well-established ERP sig-
natures (Pfefferbaum, Ford, Weller, & Kopell, 1985). Nogo trials
show greater amplitude for both negative (N2) and positive (P3)
waves compared to go trials reflecting the requirement for greater
attentional resources in those nogo trials (Lavric, Pizzagalli, &
Forstmeier, 2004). In two studies, bilinguals showed larger N2
amplitude than monolinguals indicating better control on nogo tri-
als and a more efficient executive control system (Fernandez,
Tartar, Padron, & Acosta, 2013; Moreno et al., 2014).

The studies showing bilingual advantages in verbal fluency,
metalinguistic decisions, and nonverbal inhibition are essentially
correlational in that participants were obviously not randomly
assigned to groups. All the bilinguals in those studies were fluent
and practiced in the use of two languages over a long period of
time. What is not known is how much bilingualism is required
for these effects to appear and whether their emergence can be
more precisely traced to the use of a second language. The current
study investigated the effects of early stage L2 training on brain-
related and behavioral changes in executive control. Evidence for
such changes would provide support for neuroplasticity in adult
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language learners and show the early emergence of a neural profile
that resembles bilingual processing.

2. Materials and methods
2.1. Participants

Participants were 55 English-speaking monolingual undergrad-
uate university students between the ages of 17 and 32 years old.
The training group consisted of students taking first year introduc-
tory Spanish and the control group consisted of students recruited
from an introductory Psychology course who had never taken
Spanish or any other second-language course (see Table 1 for back-
ground characteristics). It is important to note that both groups of
participants were enrolled at the same university, taking the same
overall number of courses, and did not differ on years of education;
the only known difference between the groups was whether or not
they were receiving L2 training. Students in the two groups were
equivalent on all background measures as well as in socioeconomic
status as indicated by maternal education.

2.2. L2 training

The introductory Spanish course at York University, Toronto,
Canada is described by the department as an intensive full-year
course that gives equal attention to listening, speaking, reading,
and writing skills. Students are expected to attain the knowledge
of core grammatical structures as well as a minimum vocabulary
of 2500 Spanish words. In addition, a self-report questionnaire that
was designed to assess the extent of L2 training the students
received during the 6 months of the course was administered to
the Spanish-learners at posttest. Participants in this group pro-
vided ratings on the number of hours spent speaking, reading,
and writing Spanish over the training period (see Table 2).

2.3. Procedure

Participants were tested at the beginning (September) and end
(March) of the academic year. In the first session, participants were
given the Language and Social Background Questionnaire (LSBQ;
Luk & Bialystok, 2013), Peabody Picture Vocabulary Test (PPVT;
Dunn & Dunn, 1997) to assess English receptive vocabulary, and
Kaufman Brief Intelligence Test: Matrices Subtest (K-BIT;
Kaufman & Kaufman, 1990) to assess nonverbal fluid intelligence.
All three experimental tasks were administered in both sessions.
ERPs were recorded during the sentence judgment and go-nogo
tasks.

2.4. ERP recording

ERP tasks were administered on a Dell desktop computer with a
19-inch LCD monitor. Participants were seated in a comfortable
armchair with the computer screen positioned 50 cm from eye
level. The lights in the testing room were kept off during the task.
The electroencephalogram (EEG) was continuously recorded using
a BioSemi Active-Two amplifier system (BioSemi, Amsterdam,
Netherlands) from an array of 64 active Ag-AgCl electrodes located
at standard scalp positions (International 10/20 system sites) as

well as the left and right mastoids. Data were collected using a
DC recording and were digitized at a sampling rate of 512 Hz. Dur-
ing the recording, all electrodes were referenced to the CMS (Com-
mon Mode Sense) electrode, with the DRL (Driven Right Leg)
electrode serving as the ground. Impedances of the electrodes were
kept below 20 kQ. The EEG system and each step of the set-up
procedure were explained to each participant. Each participant
completed a series of ocular movements to record the electro-
oculogram at the start and end of each ERP testing session.

EEG data were analyzed off-line using Brain Electrical Source
Analysis (BESA) software (Version 5.1.8; MEGIS Software, Gmbh).
Continuous EEG was segmented into 1000 ms epochs from
200 ms before to 800 ms after target onset (go or nogo stimulus,
or critical word), and was baseline corrected to the 200 ms presti-
mulus interval. During pre-processing, all trials were visually
inspected and those containing excessive noise due to ocular or
movement artifacts were removed. All participants included in
the final analyses had at least 80% of trials in each condition and
amplitude thresholds for the signal were adjusted on a partici-
pant-by-participant basis to include >80% of the target stimuli in
the average.

Based on the electro-oculogram, averages were calculated for
each participant for horizontal and vertical eye movement and
for blinks. Principle component analysis was conducted on these
averages and scalp projections related to these eye movement
components were subtracted from EEG data for each participant
in order to minimize signals due to each type of eye movement
(see Picton et al., 2000). ERPs were then re-referenced to the aver-
age of the left and right mastoid and averaged for each individual
participant, separately for each task condition and electrode site. A
bandpass filter of 0.01-30 Hz was used, and a 60 Hz notch filter
was then applied to the data of each participant. All analyses were
conducted on correct trials only.

2.5. Tasks

2.5.1. Verbal fluency

Participants were asked to produce as many English words as
possible within 60 s according to a criterion. There were three tri-
als for category fluency (clothing, fruits, occupations) and three tri-
als for letter fluency (letters F, A, S). Instructions for letter fluency
included the restriction to exclude proper nouns, numbers, and
variations of a word already produced. Scores were the number
of acceptable items produced in each condition, averaged across
the three trials.

2.5.2. Sentence judgment

The sentences were presented in English and were based on
materials developed by Osterhout and Nicol (1999) and also used
by Moreno et al. (2010) (see Appendix A for the complete list).
Frames were manipulated to create sentences that were correct,
“A new computer will last for many years”, syntactically incorrect,
“A new computer will lasting for many years”, semantically anom-
alous, “A new computer will paint for many years” or filler sen-
tences that were both incorrect and anomalous. Filler sentences
were included to equate the number of acceptable and unaccept-
able responses but were not analyzed. Correct and semantically
anomalous target words were matched in frequency from the

Table 1

Group means (and standard deviations) for background measures by group.
Group Age Years of education =~ Number of female participants =~ Number of right-handed participants ~ PPVT K-BIT
Spanish learners N=25  20.6 (3.0) 13.9(1.7) 18 22 106.4 (9.5) 97.2 (12.8)
Controls N =30 19.7 (1.7) 13.7 (1.4) 22 29 106.3 (10.9)  95.1 (10.8)
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Table 2

Self-report estimates in hours, standard deviations, and range for time spent in Spanish activities during the period of the course for Spanish learners.

Hours per week speaking in class

Hours per week speaking outside of class

Hours per week writing Hours per week reading

M SD Range M SD

Range

M SD Range M SD Range

2.6 1.5 0-5 2.6 2.2 0-8

24 2.0 0-8 35 3.0 1-15

Kucera and Francis (1967) norms (correct: M =96 times per mil-
lion, semantically anomalous: M =70 times per million, p >.2)
and length (correct: M =4.94, semantically anomalous: M =4.52,
p>.3).

Sentences were presented one word at a time on the computer
screen, after which participants made a judgment about whether
or not it was grammatically correct, regardless of the meaning.
There were 120 sentences, consisting of 30 exemplars of each of
the four sentence types. Counterbalancing across lists ensured that
only one version of each sentence was present on a given list
viewed by each participant. Each trial began with a white fixation
cross for 500 ms, after which the sentence appeared one word at a
time in a white font against a black background. Each word was
shown in the center of the screen for 300 ms, with a blank screen
between each word that lasted 450 ms (post-stimulus interval). A
500 ms blank screen interval followed each sentence. Afterwards,
the answer prompt screen appeared in which a white fixation cross
was shown again in the center of the screen with a lowercase ‘c’
(correct) in the lower left hand corner of the screen and a lower-
case ‘i’ (incorrect) in the lower right hand corner. The prompt
remained on screen until the participant pressed the letter key ‘a’
on the keyboard for correct or the letter key ‘I’ for incorrect.

ERP analyses were conducted on mean amplitudes of difference
waves (violation condition — control condition) measured during
the N400 (300-500 ms) and P600 (600-800 ms) time windows.
The central-posterior electrodes of interest for the N400 difference
were those in a 2 (anterior-posterior) by 3 (medial-lateral) group-
ing (C1, Cz, C2, CP1, CPz, CP2), and the electrodes of interest for the
P600 difference were in a 2 (anterior-posterior) by 3 (medial-lat-
eral) grouping (CP1, CPz, CP2, P1, Pz, P2). Four-way repeated mea-
sures ANOVAs were conducted for each violation condition with
group as the between-subjects factor, and session, anterior-poster-
ior electrode position, and medial-lateral electrode position as the
within-subject factors. For analyses where the assumption of sphe-
ricity was violated, degrees of freedom were corrected using the
Huynh-Feldt estimate of sphericity. The Bonferroni correction
was applied to all post hoc pairwise comparisons for significant
interactions.

2.5.3. Go-nogo

Stimuli included two triangles (pointing upwards or down-
wards) and two rectangles (vertical or horizontal) that were white
or purple and presented on a black background. The variation in
shape and orientation was to reduce repetition effects in visual
processing. Participants were instructed to press the mouse key
when the shape was white and to inhibit their response when

Table 4

Table 3
Mean number of words (and standard deviations) for letter and category fluency
conditions by group at both testing sessions.

Group Fluency Number of words Number of words
condition  produced at pretest produced at posttest
M (SD) M (SD)
Spanish Letter 13.7 (3.1) 15.1 (3.2)
learners Category 16.6 (2.2) 18.4 (3.0)
N=24
Controls Letter 12,5 (3.3) 13.4 (3.5)
N=30 Category 15.8 (2.4) 16.6 (2.1)

the shape was purple. There were 200 trials consisting of 160 go
trials (80%) and 40 nogo trials (20%). For each trial, a white fixation
cross appeared against the black background for 500 ms, followed
by a blank screen that lasted for a variable duration between 0 and
500 ms, after which the stimulus appeared in the center of the
screen for 300 ms. A blank screen was presented for 900 ms before
the start of the next trial (post-stimulus interval). Therefore, partic-
ipants had a total of 1200 ms to make a response following the
onset of the stimulus. Each participant completed 200 trials con-
sisting of 160 go trials (80%) and 40 no-go trials (20%). Go and
no-go trials were presented in randomized order in a single block.
A practice block of 20 trials preceded the task. Recordings of ERPs
and accuracy rates were made for both go and nogo trials and RTs
were recorded for go trials only.

Unlike the mean amplitude analyses of the sentence judgment
components (N400/P600), peak amplitude and peak latency were
measured during the N2 (200-350 ms) and P3 (350-500 ms) time
windows, both because of the characteristics of the waveforms
(the N2/P3 complex provides measurable peaks) and to be consis-
tent with prior research (Moreno et al., 2014). The frontal-central
electrode sites were arranged in a 2 (anterior-posterior) by 3
(medial-lateral) grouping (F1, Fz, F2, FC1, FCz, FC2). Four-way
repeated measures ANOVAs were conducted with group as the
between-subjects factor, and session, condition (go vs. nogo), ante-
rior-posterior electrode position, and medial-lateral electrode
position as within-subject factors.

3. Results
3.1. Verbal fluency

Data from the verbal fluency task are presented in Table 3. One
Spanish-learner dropped the course before the end of term and

Mean accuracy scores (and standard deviations) for the three types of sentences in the grammaticality judgment task by group for both testing sessions.

Group Sentence Pretest accuracy Posttest accuracy
M (SD) M (SD)

Spanish learners N =18 Correct 0.96 (0.04) 0.96 (0.06)
Semantically Anomalous 0.86 (0.19) 0.92 (0.08)
Syntactically Incorrect 0.92 (0.08) 0.90 (0.15)

Controls N =23 Correct 0.96 (0.06) 0.95 (0.05)
Semantically Anomalous 0.88 (0.08) 0.93 (0.06)
Syntactically Incorrect 0.93 (0.15) 0.92 (0.16)
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was removed from the analyses, leaving a total of 54 participants.
A three-way repeated measures ANOVA for group, session (pretest,
posttest), and condition (letter, category) showed a main effect of
group, F(1,52)=5.21, p <.05, n*=.09, with more words produced
by the Spanish-learners. There were also main effects of session,
F(1,52)=22.08, p<.001, #*=.29, with more words at posttest,
and condition, F(1,52) = 59.10, p <.001, #* = .53, with more words
produced in the category condition. There were no interaction
effects, Fs < 2.5.

3.2. Sentence judgment

Data from 14 participants (7 Spanish-learners and 7 controls)
could not be analyzed due to either poor behavioral performance
(<50% accuracy on multiple conditions, n=4), noisy EEG data
(n=9), or dropping the course (n=1). The final sample consisted
of 18 Spanish-learners (15 females) and 23 controls (18 females).

3.2.1. Accuracy data

Mean accuracy scores (Table 4) for the sentence judgment task
were analyzed with a three-way repeated measures ANOVA for
group, session, and condition. A significant session by condition
interaction was found, F(1.73,67.36)=5.37, p<.01, n*=.12,
whereby accuracy increased only on semantically anomalous sen-
tences. There was a main effect of condition, F(1.66,64.54) = 8.19,
p <.01, #% =17, in which accuracy for correct sentences was higher
than for semantically anomalous (p <.001) and syntactic violations
(p =.069), with no difference between the latter two. There were
no group effects or interactions, Fs < 1.

3.2.2. N400: Time window 300-500 ms

The ERP waveforms for the three conditions at pretest and post-
test are shown in Fig. 1. All analyses were conducted on the differ-
ences in mean amplitude between each violation condition and
correct sentences. These data are shown in Fig. 2 for semantic vio-
lations and 3 for syntactic violations. Repeated measures ANOVAs
by condition revealed a significant interaction of session by ante-
rior-posterior electrode position for semantically anomalous sen-
tences, F(1,39)=3.93, p=.05 n?=.09. Specifically, at pretest,
anterior electrodes showed a larger mean amplitude difference
(—1.84 uV) than posterior electrodes (—1.59 pV), whereas at post-
test, posterior electrodes revealed a greater mean amplitude differ-
ence (—1.66 nV) than anterior ones (—1.33 nV). There were no
other significant main effects or interactions involving session or
group, Fs <2.5.

Analysis of the N400 for sentences with syntactic violations
revealed a significant three-way interaction of group, session,
and medial-lateral electrode position, F(2,78)=5.17, p<.01,
% =.12. Post hoc comparisons examining the effect of group indi-
cated that at pretest there was a group difference in amplitude for
left-lateralized electrodes (Spanish —1.48 pV vs. control .10 pV,
p<.05) and at posttest for right-lateralized electrodes (Spanish
—.96 1V vs. control 1.29 pV, p <.05). There was a significant main
effect of group, F(1,39)=5.21, p<.05, #*=.12, with the Spanish-
learners showing an overall negative amplitude difference
(—.87 V) and the control group showing a positive amplitude dif-
ference (1.08 puV) during this time window. There were no other
significant main effects or interactions involving session or group,
Fs<1.

3.2.3. P600: Time window 600-800 ms

For the semantic violation condition, the repeated measures
ANOVA for the P600 revealed a marginally significant group by
medial-lateral electrode position interaction, F(2,78)=2.92,
p = .06, % = .07. Post hoc comparisons examining the effect of med-
ial-lateral electrode position, revealed that for the Spanish-learner

group the mean amplitude difference for the left side electrodes
(=57 wV) differed from the right side electrodes (.19 puV)
(p <.05). This difference was not seen in the control group (Mes =
—1.55 uV, Myjgne = —1.41 pV). There were no other significant main
effects or interactions involving session or group, Fs < 2.
Importantly, analysis of the P600 on the syntactic violation con-
dition showed a significant three-way interaction of group, session,
and medial-lateral electrode position, F(1.94,75.55) = 3.31, p <.05,
#?=.08. Post hoc comparisons examining the effect of session
revealed a marginally significant decrease in P600 mean amplitude
difference (p =.056) after L2 training for the Spanish group across
right side electrodes CP2 and P2 (see Fig. 3 for ERPs), with no
change for the control group. There was a significant group effect,
F(1,39) =4.02, p = .05, % = .09, with the control group showing an
overall larger mean amplitude difference (7.01 pV) than the Span-
ish-learner group (4.19 pV). Independent samples t-tests across an
average of all 6 electrodes (CP1, CPz, CP2, P1, Pz, and P2) for the
syntactic violation condition indicated no significant group differ-
ence at pretest, {(39) = —1.16, p =.26. There were no other signifi-
cant main effects or interactions involving session or group, Fs < 2.

3.3. Go-nogo

Data from 12 participants (4 Spanish-learners and 8 controls)
were excluded due to technical difficulties/noisy EEG data
(n=11) or having dropped the Spanish course (n=1). The final
sample for this task consisted of 21 Spanish-learners (16 female)
and 22 controls (15 female).

3.3.1. Go-nogo behavioral data

A two-way repeated measures ANOVA for group and session on
each of the go-nogo behavioral measures in Table 5 showed no sig-
nificant effects or interactions, Fs < 3.2.

3.3.2. N2: Time window 200-350 ms

Fig. 4 presents the ERPs recorded at pretest and posttest, and
the difference waveforms for the nogo condition minus the go con-
dition are displayed in Fig. 5. N2 peak analyses revealed a main
effect of condition, F(1,41) = 67.02, p < .001, 4% = .62, whereby nogo
conditions elicited a larger negativity than go conditions, as
expected (Lavric et al., 2004; Pfefferbaum et al., 1985). Indepen-
dent samples t-tests across all 6 frontal-central electrodes for go,
t(41)=-.98, p=.33 and nogo N2 amplitude t(41)=.28, p=.78,
indicated no significant pretest group differences. There was a sig-
nificant three-way interaction of group by session by anterior-pos-
terior electrode site, F(1,41)=4.95, p<.05, #*=.11. Post hoc
comparisons examining the effect of anterior-posterior electrode
position indicated that at posttest, anterior electrode amplitude
(MSpanish,anterior =-297 },lV, Mcontml,anterior =-3.51 HV) differed
from posterior electrode amplitude (Mspanish_posterior = —2.34 1V,
Mcontrol_posterior = —4.11 pV) for both groups (p <.05). There was a
significant interaction of group by anterior-posterior electrode
site, {(1,41) = 6.64, p < .05, ? = .14. Post hoc comparisons indicated
that the Spanish-learners had larger anterior (—3.30 puV) than pos-
terior (—2.80 nV) amplitudes (p <.05), whereas the control group
did not display this pattern (Manterior=—3.32 LV, Mposterior =
—3.64 uV). There was a marginally significant four-way interaction
of group by session by condition by anterior-posterior electrode
site, F(1,41) = 3.86, p =.056, % =.09. Post hoc comparisons exam-
ining the effect of anterior-posterior electrode position indicated
that the Spanish learner group showed larger go anterior ampli-
tude compared to posterior amplitude at both pretest (Manterior =
—222 1V,  Mposterior=—1.30 0V,  p<.01) and  posttest
(Manterior = —1.08 WV, Mposterior = —0.16 1V, p <.001), whereas the
control group showed no such differences at pretest (Manterior =
—0.86 WV, Mposterior = —0.66 V) or posttest (Mapeerior = —1.40 pV,
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Table 5
Group means (and standard deviations) for behavioral performance on the go-nogo task.
Group Go-nogo measure Pretest Posttest
M (SD) M (SD)
Spanish learners N =21 RT (ms) 357 (69) 356 (64)
Go % Correct 96.3 (10.7) 96.6 (8.0)
False Alarms/40 5.0 (3.5) 4.0 (3.2)
Nogo Accuracy Cost® 0.07 (0.23) 0.06 (0.12)
d-prime® 3.55 (0.86) 3.76 (0.89)
Controls N =22 RT (ms) 339 (32) 339 (27)
Go % Correct 99.3 (1.0) 99.1 (1.6)
False Alarms/40 3.5(3.3) 4.0 (3.1)
Nogo Accuracy Cost® 0.09 (0.09) 0.09 (0.07)
d-prime?® 4.01 (0.61) 3.90 (0.65)

2 Nogo accuracy cost was calculated as the difference between the proportion of correct go trials minus the proportion of correct nogo trials divided by the proportion of
correct go trials (see Lahat, Todd, Mahy, Lau, & Zelazo, 2010). The discriminability index (i.e., d-prime or d’) is based on signal detection theory and is calculated using the

formula d’ =z (hits) — z (false alarms) (Schulz et al., 2007).

Mposterior = —1.57 uV). At posttest the control group did show larger
nogo posterior amplitude (—6.66 V) compared to anterior ampli-
tude (—5.63 nuV) (p <.01), whereas the Spanish learners did not
(Manterior = —4.86 WV, Mposterior = —4.51 pV). There were no other
significant main effects or interactions involving session or group,
Fs < 2.6.

For N2 latency, there was a significant main effect of session,
F(1,41)=9.34, p<.01, n?=.14, showing overall reduced latency
at posttest. There was a marginally significant group effect,
F(1,41)=3.53, p=.067, ? = .08, with slower latency for the Span-
ish-learner group (287 ms) than the control group (275 ms). To
investigate whether this may be due to group N2 latency differ-
ences at pretest, an independent samples t-test was performed
on the averaged go and nogo latencies across the 6 electrodes
(F1, Fz, F2, FC1, FCz, and FC2) at pretest. There was a significant
group difference for pretest nogo latency, t(41)=7.20, p <.001,
with the Spanish-learner group having Ilonger latency
(Mspanish =306 ms, SD=16.65) than the control group
(Mcontrol = 271 ms, SD = 14.89). There was a significant group by
session interaction, F(1,41)=14.37, p<.001, »?=.22. Post hoc
comparisons indicated that the Spanish-learner group had signifi-
cantly shorter latency after L2 training (p <.001) but there was
no latency change for the control group (see Fig. 4 for ERPs). There
was a significant interaction of session by condition, F(1,41) = 4.70,
p <.05, % = .10, which indicated that nogo latency (Mpreest = 289
ms, Mpostiest = 270 ms) was significantly reduced from pre- to post-
test (p <.001), whereas go latency did not change across sessions
(Mpretest = 287 ms, Mposttest = 280 ms). There were no other signifi-
cant main effects or interactions involving session or group, Fs < 3.

3.3.3. P3 time window 350-500 ms

Analyses of P3 peak amplitude revealed a significant interaction
of group by session, F(1,41) =4.51, p <.05, #* =.10. Post hoc com-
parisons revealed a significant increase in P3 amplitude after L2
training across all six frontal-central electrodes: F1, Fz, F2, FC1,
FCz, and FC2 (p <.05), with no such changes observed in the con-
trol group (see Fig. 4 for ERPs). Independent samples t-tests across
all 6 frontal-central electrodes for go, t(41)=—1.46, p=.15 and
nogo P3 amplitude t(41)= —1.44, p =.16, indicated no significant
pretest group differences. There was a main effect of condition,
F(1,41)=71.11, p < .001, #? = .63, whereby nogo conditions elicited
a larger positivity than go conditions, as expected. Finally, there
was a session by anterior-posterior electrode interaction,
F(1,41)=4.81, p <.05, #* = .10, which indicated that at both pretest
(Manterior = 5.44 WV, Mposterior = 7.85 V) and posttest, posterior
electrodes showed larger amplitude than anterior electrodes
(Manterior = 7.08 UV, Mposterior = 8.71 1V) (p <.001). There were no

other significant main effects or interactions involving session or
group, Fs < 2.5.

Although the P3 amplitudes for nogo trials in the pretest were
not significantly different across the two groups, they appear to
be visually different (see Fig. 4). Therefore, to confirm the effect
showing an increase in amplitude for the Spanish group while con-
trolling for pretest amplitude, we selected participants in the two
groups with equivalent pretest P3 amplitude to compare their
results at posttest. Matched pairs were selected from Spanish
and control groups that had a difference in pretest nogo P3 ampli-
tude of <0.80 1V (range: 0.01-0.61), resulting in 13 pairs of partic-
ipants. An analysis of this subset analysis resulted in a group by
session interaction, F(1,24)=3.99, p=.06, #*>=.14 (see Table 6),
and post hoc comparisons showed a significant increase in P3
amplitude after L2 training across all six frontal-central electrodes
for the Spanish group: F1, Fz, F2, FC1, FCz, and FC2 (p <.05), with
no such changes observed in the control group.

There was a significant four-way interaction for group, session,
condition, and medial-lateral electrode position for P3 peak
latency, F(2,81.86)=3.64, p <.05, #*=.08. Post hoc comparisons
examining the effect of session indicated that for the Spanish-lear-
ner group, nogo latency was significantly shorter after training at
left-frontal (p <.01), midline (p<.05), and right-frontal sites
(p <.05), with no change in P3 latency measures for the control
group (see Fig. 4 for ERPs). A significant three-way interaction of
group by session by condition, F(1,41)=4.23, p < .05, % =.09, also
indicated that P3 nogo latency was significantly reduced (p <.05)
after training for the Spanish-learner group, with no change for
the control group. An independent samples t-test for the averaged
nogo P3 latency across all 6 frontal-central electrodes again
showed pre-test differences in latency, t(41)=2.07, p<.05
between the Spanish learners (Mspanish =412 ms, SD =31.63) and
the control group (Mcontrol =392, SD =32.53), with the Spanish
learners having a longer nogo P3 latency at pretest. There was a
significant three-way interaction of group by anterior-posterior
by medial-lateral electrode position, F(2,82)=4.73, p<.05,
1% =.10. Post hoc comparisons examining the effect of medial-lat-
eral electrode position indicated that for the control group, the
latency of posterior electrodes FC1 (397 ms) and FC2 (391 ms)
were significantly different (p <.05), whereas the Spanish-learners
did not show this pattern, with FC1 (408 ms) and FC2 (408 ms)
being equivalent. There were no other significant main effects or
interactions involving session or group, Fs < 3.5.

3.3.4. ERP-grade correlations

At posttest, the Spanish-learners were asked to provide a self-
report of their progress in the course and report their
expected grade. An averaged difference score (posttest P3
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Fig. 4. Event-related potentials (ERPs) elicited during go and nogo trials at pretest and posttest for (a) the Spanish learner group and (b) the control group. Asterisks denote a
significant increase of P3 peak amplitude for the Spanish learner group after L2 training (p <.05).

amplitude — pretest P3 amplitude) was created separately for go then correlated with the self-reported Spanish grades. Two partici-
and nogo conditions across the electrodes of interest: F1, Fz, F2, pants were removed from the analysis because their averaged differ-
FC1, FCz, FC2. The P3 amplitude differences in each condition were ence scores were deemed to be outliers (based on >2 SD). For the
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remaining 19 Spanish-learners, there was a significant correlation with a larger change in P3 peak amplitude after L2 training. There
between the averaged nogo difference and Spanish grades, r = .46, was no correlation between the averaged go difference score and
p=.047 (see Fig. 6); higher self-reported grades were associated self-reported grades. For the sentence judgment task, there was no
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Table 6

Subset analysis means (and standard deviations) for Group matched pretest nogo P3 peak amplitude.

Group Go-nogo condition

Pretest P3 amplitude
M (SD)

Posttest P3 amplitude
M (SD)

Spanish learners N =13 Go
Nogo

Controls N=13 Go
Nogo

3.31 (4.56)
10.92 (6.89)

5.31 (4.56)
10.96 (6.60)

6.95 (4.46)
12.73 (6.60)

3.91 (4.46)
10.95 (6.60)
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Fig. 6. Pearson correlation between self-reported Spanish grades and the averaged
nogo difference score (posttest nogo P3 amplitude — pretest nogo P3 amplitude)
across the electrodes of interest: F1, Fz, F2, FC1, FCz, and FC2.

relationship between the averaged P600 difference scores (post-
test — pretest) across electrodes CP2 and P2 for the syntactic viola-
tion condition and self-reported Spanish grades, although the P600
had shown a reduction in amplitude after L2 training.

4. Discussion

Participants in the Spanish group had spent 6 months in an
introductory language class and were far from bilingual, but after
this relatively brief L2 training they demonstrated significant mod-
ulations in the electrophysiological signal during verbal and non-
verbal conflict tasks that were similar to those found for
bilinguals. As in the earlier study by McLaughlin et al. (2004), these
electrophysiological changes occurred in the absence of behavioral
changes. For the control group, there were no electrophysiological
changes in any measure in the post-test. Participants in the control
group were students studying at the same university and under-
taking the same level of course work as the training group, but they
were not enrolled in a second-language course. Thus, these partic-
ipants were not an active control group and did not receive another
specific type of training or any incentive for their participation.
Although only one group received the relevant intervention, we
consider the comparison valid because of the similarity of univer-
sity environment and background characteristics for the two
groups. The present study is the first to extend the effects of early
language training on linguistic outcomes (cf., Osterhout et al.,
2006) to nonverbal executive control. Our interpretation is that
brief L2 training produces cross-domain, neuroplastic effects and

advances our understanding of the mechanism behind the bilin-
gual advantage in executive control. Because the L2 learners in
the present study are not fluent bilinguals, these results showing
emerging changes with language learning is evidence that brain
functional changes occur along a continuum of bilingualism
experience.

The Spanish learners revealed a significant processing change
on the sentence judgment task after training, showing decreased
P600 mean amplitude for the syntactic violation condition. Impor-
tantly, this reduced P600 effect is similar to the pattern displayed
by bilinguals and occurred across two electrode sites (CP2 and
P2) within the ROI used in the Moreno et al. (2010) study. Smaller
P600 mean amplitude indicates less effortful processing on this
task (Hahne & Friederici, 1999, 2001), and observing this effect
after only 6 months of L2 training provides crucial information
for our primary question of how short term language instruction
influences executive control in L2 learners. The larger N400 ampli-
tude reported by Moreno et al. (2010) for bilinguals processing
semantically anomalous sentences was not found in the current
study. Consistent with the interpretation that the larger N400
relates to the processing and subsequent inhibition of irrelevant
linguistic stimuli, monolingual speakers of English as well as our
L2 learners may not recruit the same inhibitory processes as biling-
uals when performing grammaticality judgments in English. In
spite of this difference, the changes in ERP waveforms from the
pretest to posttest sessions for the P600 component found in the
Spanish learners shows movement towards the pattern found for
full bilinguals.

None of the results for the behavioral data showed significant
differences between groups. It is important to note, however, that
both the judgment and fluency tasks were administered in the par-
ticipants’ L1, making the modification in the ERP response in the
judgment task more dramatic. In other words, brief Spanish train-
ing modified participants’ processing of English. For the judgment
task, most scores were close to ceiling, but accuracy in the most
difficult condition, the anomalous sentences, improved at posttest
for both groups, possibly reflecting a practice effect. Moreno et al.
(2010) also found accuracy to be equivalent for monolinguals and
bilinguals in this task. Similarly, both groups improved at posttest
on both verbal fluency tasks with no difference between groups.
Linck, Kroll, and Sunderman (2009) found that students learning
Spanish in a study-abroad context showed reduced performance
on a verbal fluency task in English, their L1. The present study
found no effect of L2 learning on verbal fluency in English, but
the level of Spanish obtained by these classroom learners after
6 months in an English-speaking environment was considerably
less than that of the study-abroad students after the same time.
Nonetheless, the ERP data are consistent with modifications on
L1 processing as a consequence of L2 learning (Kroll, Dussias,
Bogulski, & Valdes-Kroff, 2012).

The most striking result is the finding that brief L2-training led
to processing changes on a nonverbal executive control task. The
Spanish learners showed changes in the P3 peak amplitude and
in the latency of the P3 and N2 components, whereas no changes
were found in the control group. However, independent samples
t-tests showed pretest group differences in N2 and P3, so this
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result needs to be interpreted with caution. Some pre-existing
group differences in electrophysiology may arise because this
study did not involve pretest matching and random assignment
to conditions. The change in P3 amplitude was found only for L2-
learners and not the control group and supports our argument that
short-term L2 training modifies the executive control system.
These results are different from those found for full bilinguals in
which bilingual participants showed a larger N2 amplitude than
monolinguals (Fernandez et al., 2013; Moreno et al., 2014), but
such discrepancies are not surprising given the massive differences
in experience. It is possible that the P3 component is more amena-
ble to early training effects than the N2 component, which requires
more experience to be modified. Importantly, the increase in P3
peak amplitude is consistent with training-induced strengthening
of the neural network involved in response inhibition. In line with
this interpretation, go-nogo studies using populations with com-
promised executive control, including children with attention def-
icit hyperactivity disorder (Fallgatter et al., 2004) and adults with
Parkinson’s disease (Bokura, Yamaguchi, & Kobayashi, 2005), show
smaller nogo P3 amplitude than their respective control groups.
Supporting the relation between L2 learning and these outcomes,
the increase in nogo P3 peak amplitude was correlated with self-
reported Spanish grades.

5. Conclusions

The pretest/posttest design used in the present study provides
strong evidence linking the difference between groups to language
experience and not to some extraneous factor. At pre-test, partici-
pants in both groups were similar on background and task mea-
sures, but at post-test, only the Spanish learners showed changes
in task processing, and only in the predicted tasks and in the pre-
dicted directions. In the majority of research on bilingualism, mon-
olinguals and bilinguals are compared at one point in time, leaving
the possibility of an undetected group difference. Thus, the present
results give insight into the mechanism underlying advantages in
executive control and support the interpretation in those studies
that bilingualism is responsible for those differences.

As in previous research, significant effects were found in the
neural evidence with no behavioral differences between groups.
This pattern has been reported for bilinguals performing metalin-
guistic (Moreno et al., 2010) and cognitive tasks (Luk, Anderson,
Craik, Grady, & Bialystok, 2010) and for L2 learners on a lexical
decision task (Osterhout et al., 2006). Not surprisingly, behavioral
and neural evidence document different aspects of performance,
but importantly, these forms of evidence also appear on a different
timetable. As training modified processing of both a verbal and
nonverbal executive control task, this validates that even at the
early stages of L2 learning executive control is modified in a
domain-general manner.

The present results demonstrate early plasticity from experi-
ence in adult participants. The remarkable finding is that only
6 months of Spanish instruction has the potential to begin reorga-
nizing the 20-year old monolingual brain to resemble bilingual
processing when performing verbal and nonverbal conflict tasks.
This is powerful evidence for the effect of experience on functional
brain responses before the outcomes of that experience can be
detected through behavioral measures, and signifies the benefits
of lifelong second-language learning.
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Appendix A

Experimental sentences used in the current study, developed
by Osterhout and Nicol (1999). For each item the correct,
syntactically anomalous, and semantically anomalous ver-
sion is depicted.

The cats won't eat/eating/bake the food that Mary gives them.

The astronomer’s argument might prove/proving/shout that
there are three canals on the moon.

In case of a break-in, the alarm system will warn/warning/
swear that there is an intruder.

The new species of orchid will grow/growing/sing in tropical
regions.

This expensive ointment will cure/curing/loathe all known
forms of skin disease.

This old electric blender doesn’t crush/crushing/own ice cubes
anymore.

This exotic spice may add/adding/seek the oriental flavour that
John enjoys.

The new fighter plane can fly/flying/walk faster than anyone
had expected.

The boxes in the attic may still hold/holding/find many old
photographs and souvenirs.

This test of reasoning might fail/failing/hate to discriminate
among students.

The puppy seems to like/liking/call to sleep a lot during the
day.

The cowboy always gives his horse a chance to drink/drinking/
fish from the stream.

Billy bumped his bicycle, causing it to fall/falling/sneeze into
the street.

The therapist hoped that the new drug would calm/calming/
clean the patient who was so anxious.

The new software package will print/printing/glue very
elaborate pictures.

The publisher hoped that the textbook would draw/drawing/
hear students with a variety of interests.

William thought that he would fit/fitting/dig right in with the
crowd at the reception.

Mary knew that the food at the hotel would cost/costing/fight
too much.

The hikers noticed that the boulder seemed to rest/resting/live
precariously on the mountain.

At the aquarium, there are otters that swim/swimming/fly and
do tricks for the crowds.

Every day at three, the newspapers should land/landing/dance
on the porch out front.

The tree in the backyard can’t sprout/sprouting/sell new buds
in this weather.

Most physicians believe that the new drugs can prevent/
preventing/study many forms of disease.

The composer agreed that his music should enchant/
enchanting/question the public.

The repairman thinks that the leaky tub might bother/
bothering/ask the tenants downstairs.

This rare herb can heal/healing/count the pains in your back.

The farmhouse is so old that it scares/scaring/writes the
neighbours.
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The teacher said our report must not last/lasting/cry for more
than ten minutes.

In the nation’s landfills, chemicals of different sorts may mix/
mixing/hope to create lethal substances.

The simulated accident might frighten/frightening/ignore the
children enough so that they will wear their bike helmets.

The plumber said that the leaking water might seep/seeping/
speak out from behind the refrigerator.

The fingerprints on the gun could prove/proving/judge that the
defendant is innocent.

The beavers in the pond sometimes chew/chewing/melt the
garden hose.

The fancy French clock doesn’t tell/telling/ask the time during
power failures.

Critics say that the rap songs might tend/tending/learn to lead
young people astray.

The new brand of toothpaste could help/helping/beg to provide
protection against disease.

Those small spiders would often spin/spinning/burn beautiful
webs.

The pacifier we bought in Japan will soothe/soothing/drop the
cranky baby.

The skyscraper being built by the city would block/blocking/
send out the sunlight.

These grapevines don’t grow/growing/jog well in sandy
regions.

At the end of the day, the dog always waits/waiting/peaks in
the driveway.

We hoped that the news of the award would cheer/cheering/
wash up the depressed student.

The circus elephants get on their hind legs and stand/standing/
chirp, which impresses the audience.

Simple vegetable oil is used to fry/frying/plow the vegetables.

The black widow spider likes to hide/hiding/sigh in dark places.

Fountain pens shouldn’t be used to sketch/sketching/dust since
they were designed only for writing.

It was hard to get the infant to smile/smiling/vote for the
photographer.

The defendant’s account of the incident didn’t match/
matching/paste the one given by the codefendant.

The movers didn’t think that the piano would weigh/weighing/
cough as much as it did.

Susan was worried that her kitten would scratch/scratching/lift
the young child.

The peregrine falcon chicks always chirp/chirping/staple until
the father brings food.

The general admits that the missile might explode/exploding/
call before leaving the area.

The assistant was told that the alibi would prevent/preventing/
consider an indictment.

My grandfather’s habit of chasing geese might shock/shocking/
stab you, but he’s quite normal otherwise.

People hope that the sculpture will inspire/inspiring/invent
new forms of artistic expression.

So many bugs live in the garden, they must eat/eating/buy a
head of lettuce every minute.

The booklet says that the contraceptive will fail/failing/
complain if used too sparingly.

My brother bet that this spider could climb/climbing/type
faster than you could.

The baby’s teeth are so sore that the pacifier might hurt/
hurting/cheat her too much.

The supervisor’s report found that the factory should train/
training/hug workers more thoroughly.

One kangaroo at the San Diego Zoo would sometimes sit/
sitting/write all day.

The portrait of Uncle Henry doesn’t look/looking/sing like him.

The new heater in the maid’s room should dry/drying/find the
laundry.

The strawberry beds might tempt/tempting/sneeze rabbits and
other animals.

The colours in the sweater should not fade/fading/walk when
the sweater is washed.

The new chemical additive may tend/tending/desire to lower
the freezing point of water.

The sea lions can bask/basking/edit on the beach all day.

The security camera at the bank will now take/taking/trip
photographs of everyone.

The bull that escaped could smash/smashing/send the wooden
fence around the meadow.

The award winning play will run/running/leap for several more
months.

The couple’s newborn baby sneezes/sneezing/types so much
that they took her to the doctor.

The hiker used his last match to start/starting/tie the fire.

Where the road forks/forking/believes, we couldn’t figure out
which way to go.

Bob’s rubber raft hit/hitting/loves a rock, which punctured it.

After Jane’s accident, she found it difficult to drive/driving/boil
for several months.

The pet cats will soon eat/eating/describe their evening meal.

The raging bull will charge/charging/whistle at the man.

The new romance novel should sell/selling/leak in every store
this year.

Alison used a hammer to break/breaking/kiss the small lock.

Betsy went out to the orchard to pick/picking/melt apples for a
pie.

The powerful magnet will pull/pulling/learn defective parts
from the assembly line.

The lever on the basement wall does not shut/shutting/lift off
the power supply.

The new detergent is supposed to clean/cleaning/burn the
floors with ease.

The newly planted grass will grow/growing/swim quite a bit
during the next year.

The hidden door will open/opening/cook when the secret code
is spoken.

A new computer will last/lasting/paint for many years.

The local beers in Seattle will satisfy/satisfying/trip every beer
drinker.

The red ants in Arizona will bite/biting/wash you if you are not
careful.

The new crop of corn should feed/feeding/scrape everyone in
the state.

The noisy ducks will soon fly/flying/skip away from the lake.
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