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Chapter 1: Introduction

Overview of Cognitive Control

The physical world is rife with diverse stimuli @onstant competition with one
another. In order to make appropriate decisiorteerface of such competition,
individuals must direct their attention to goalengnt input, ignore extraneous
information, and resolve among conflicting alteived. Take, for example, the case of
American citizens trying to cross the street oirsd ¥isit to the United Kingdom, where
the cars drive on the other side of the road. Hpuitifetime of experience of looking left
before stepping off of the sidewalk, they may i looking left despite their new
environment. Thus, assuming that the travelers! ga@a avoid being run over, the
habitual response conflicts with the contextualhppriate response of looking in the
direction of oncoming traffic. Individuals emploggnitive control, or the ability to
regulate mental behavior, in order to resolve ammnglicting alternatives and to
override pre-potent responsglike the one in the previous example. The purgdshe
present dissertation is to examine how cognitiverod is shaped by experience by
investigating how the experience of having to mamtand use two different languages

(i.e., bilingualism) influences cognitive contrdiikties.

! Whether the selection of the correct alternativetie to inhibition of irrelevant mental
representations or to facilitation of the relevaagresentation is contested. This debate doeseaot b
on the present studies, and will not be discusgetdr. Any references to selection via inhibit@m
facilitation are not meant as support for one erdther hypothesis, but merely as a convenient
description of the process of conflict resolution.



Evidence demonstrates that individuals are better,(faster and more accurate)
at resolving a current conflict that was immediafaieceded by another conflict than
they are at resolving a current conflict that waspreceded by any conflict (Botvinick,
Braver, Barch, Carter & Cohen, 2001; Botvinick, Ngm, Fissell, Carter, & Cohen,
1999; Gratton, Coles, & Donchin, 1992; Ullsperdgylsma, & Botvinick, 2005). Such
‘conflict adaptation’ effects suggest that indivadisimay adjust the strength of cognitive
control activity following the detection of conftidndeed, the prominent ‘conflict
monitoring’ theory (Botvinick et al., 1999, 200Inoposes a system that is responsible
for detecting conflict and signaling subsequent rincations in the recruitment of
control; one consequence of this system is thedr ahcountering conflict, cognitive
control will be boosted, resulting in enhanced tohfesolution on subsequent trials.
Supporting evidence for a conflict monitoring systeomes from studies investigating
real-time modulations of neural activity: Botviniekd colleagues (1999) found that,
during tasks with randomly interleaved conflict arah-conflict trials, the anterior
cingulate cortex (ACC) shows greater activationihatial conflict trials (that were
immediately preceded by a non-conflict trial) tHansubsequent conflict trials (that
were immediately preceded by a conflict trial),glling the behavioral conflict
adaptation effect. Moreover, greater ACC activataran initial conflict trial is
associated with faster and more accurate respomalirsgsubsequent conflict one trial
later (Kerns, Cohen, MacDonald, Cho, Stenger, &&aP004), suggesting that the ACC
may be responsible for signaling the adjustment®gnitive control recruitment that
lead to behavioral conflict adaptation. Indeedrélased ACC activity predicted increased

activity one trial later in prefrontal cognitiveool regions, particularly the dorsolateral



prefrontal cortex (dIPFC), indicating a functiom@lationship between a region
responsible for detecting conflict and a regiompagssible for implementing cognitive
control (Kerns et al., 2004). Such flexible, momky-moment adjustments in cognitive
control can provide important insight into the maacisms underlying real-world decision
making. In particular, they may help to explain vdome individuals seem to be better

than others at conflict resolution.

Review of the Bilingual Advantage

Individuals vary widely in how effective they arerasolving between conflicting
representations. One example that has recentlegatrnnterest is that bilinguals
outperform monolinguals on domain-general (e.gguistic and non-linguistic) tasks
requiring cognitive control (Bialystok, 2010; Bialpk, Craik, Klein, & Viswanathan,
2004; Costa, Hernandez, Costa-Faidella, & Seba&dlles, 2009; Martin-Rhee &
Bialystok, 2008). This especially applies to bakhbilinguals, who, having been
exposed to two languages from infancy or earlydttabd, are equally proficient in both.
The so-called “bilingual advantage” is evident asrthe lifespan: young bilingual
children outperform monolinguals on executive fumttasks requiring inhibition and
attention control (Bialystok, 1999, 2010; Bialyst&KVartin, 2004; Kovacs & Mehler,
2009; Martin-Rhee & Bialystok, 2008); healthy aduilinguals are faster than
monolinguals on cognitive control tasks (BialystdR06; Costa et al., 2009; Costa,
Hernandez, & Sebastian-Gallés, 2008); and oldelt adinguals exhibit less cognitive
decline due to aging than monolinguals (Bialystb&le 2004) and are relatively
protected against the early effects of Alzheimé@shweizer, Ware, Fischer, Craik, &

Bialystok, 2012).



The precise reason for bilinguals’ cognitive adegets is not known, but it is
postulated that by perpetually switching betweertlanguages, bilinguals essentially
get extensive practice in selecting one repredenté.g., a word from one language)
while inhibiting the other (e.g., a word from thtéher language); that is, they may be
practicing (and improving) conflict resolution miréy using language! The inhibitory
control (IC) model of bilingual language processihgorizes that bilinguals suppress
items from the lexicon that they are not currentyng via a central inhibitory-control
mechanism (Green, 1998). For instance, bilinguadghtnhibit words from their native
language (L1) when speaking their second langua2)e Asymmetric language-
switching costs provide evidence for such inhilmitispecifically, switching from a
weaker to a dominant language during picture-nansif@arder than vice versa,
demonstrating that individuals must actively supprieir dominant language in order to
output their weaker one (Meuter & Allport, 1999hus, under the IC model,
bilingualism could act as a naturalistic form ofjodive training, strengthening domain-
general inhibitory control mechanisms (AbutalebG&een, 2008; Bialystok, Craik,
Green, & Gollan, 2009); bilinguals could then aptiigir improved inhibitory control to
non-verbal tasks, yielding their observed advantage

Under the IC account, bilinguals should outperfonenolinguals selectively on
trials that induce conflict, because bilingualséavactice with inhibiting irrelevant
information. In a few cases, evidence for the pilial advantage in cognitive control is
consistent with this prediction. For example, Kavaad Mehler (2009) found that
bilinguals as young as 7-months-old successfuliybited looks to a previously

rewarded—»but now incorrect—location, whereas mamgpials did not. Interestingly,



since this population was pre-verbal, this suggisiisthe demands of bilingual language
comprehension require inhibitory control as wellilditional support for the IC model
comes from adult populations: compared to their oiagual peers, middle-aged and
older bilinguals had a reduced interference effed., less impairment on incongruent
trials relative to baseline congruent trial perfamoe) on the Simon task, in which the
correct response to a non-spatial attribute ofaalistimulus is on the same (congruent
trials) or the opposite (incongruent trials) sidelze stimulus location (Bialystok, Cralik,
Klein, & Viswanathan, 2004). Interestingly, thideft only reached significance in older
adults, suggesting that if there is a bilingualateage in inhibitory control, it is more
evident in populations in which this ability is nedlly reduced (e.g., older adults and
young children). It is important to note, howewégt in the middle-aged adults,
bilinguals were faster than monolinguals on bothgraent and incongruent trials; while
this younger population of bilinguals did not derstvate an advantage in inhibitory
control, they still demonstrated an overall advgatan the Simon task.

Based on evidence that bilinguals typically outparf monolinguals on both
congruent and incongruent trials without exhibitreguced interference effects,
researchers have proposed an alternative accotim¢ dflingual advantage, which
suggests that it stems from superior conflict narmyg (Costa et al., 2009; Hilchey &
Klein, 2011). During conflict monitoring, individisacontinuously evaluate input to
determine if it contains conflicting sources ofarrhation. If so, then cognitive control is
recruited to help resolve the competing evident®erwise, cognitive control need not
be deployed (Botvinick et al., 2001). If bilinguae better at conflict monitoring, then

they should outperform monolinguals on both congtaad incongruent trials, because



they must decide (albeit unconsciously) whetharatrto recruit cognitive control,
regardless of trial type. However, a bilingual attege would only be expected when
conflict monitoring demands are high, namely, wtteninput frequently switches
between stimuli with and without conflict, and p&opmust decide to recruit cognitive
control on a moment-by-moment basis. In contrabtliagual advantage would not be
expected in low monitoring contexts where confléchearly always present; in such
environments, individuals can apply cognitive cohtionsistently without monitoring.
Because the conflict monitoring account of thengilial advantage is relatively
recent, there are only a handful of studies expliteésting its predictions. Notably, Costa
et al. (2009) observed that the magnitude of thedual advantage was modulated by
the degree of switching between congruent and igreamt trials on a Flanker task, in
which participants identified a target stimulus efhwas surrounded, or ‘flanked’, by
identical (congruent) or opposing (incongruent}rdister stimuli. When switching
occurred frequently, imposing the need to moniborcbnflict and adjust cognitive
control accordingly, bilinguals were significanthster at both trial types, but when very
little switching occurred, even if the majority tofals were incongruent, bilinguals
performed no differently from monolinguals (Costalk, 2009). More recent evidence
has shown that language-switching during a pichaeing task activates the same
voxels as Flanker conflict in the ACC (Abutalebaét 2012), the structure thought to be
responsible for detecting conflict and signalinguatinents in control. This finding
confirms that language-switching recruits the saeral resources as general conflict
processing, making language-switching a plausit#elranism for improving cognitive

control abilities. Moreover, this evidence suppdines conflict monitoring theory of the



bilingual advantage because language-switchingcandict co-activated the ACC, a
region that is integral to the neural conflict ntoning system. Additional evidence for
the role of the ACC in the bilingual advantage cerftem differences in task-switching
performance between older adult bilinguals and ringoals. Relative to monolinguals,
bilinguals demonstrated reduced switch-costs iolareshape decision task where
participants alternated between identifying thecahd identifying the shape of a picture
(Gold, Kim, Johnson, Kryscio, & Smith, 2013). Moveo, this performance boost was
accompanied by reduced activation of regions irctitélict monitoring network (Gold et
al., 2013), including the ACC, the left dorsolatgnaefrontal cortex (dIPFC), and the left
ventrolateral prefrontal cortex (VIPFC). That hijirals exhibit better switching
performance while simultaneously engaging to aelesstent the neural resources
involved in conflict detection (ACC) and resoluti@PFC and vIPFC) suggests that
their conflict monitoring system is more efficieag a result of extensive practice with

language-switching.

Rationale for the Present Studies

Despite recent evidence that the bilingual advantagy stem from improved
conflict monitoring abilities, no study to date lesnpared conflict adaptation effects in
bilinguals and monolinguals. Conflict adaptatiothis behavioral hallmark of the
conflict monitoring system, because it reveald-triatrial adjustments in the
engagement of cognitive control following the oceunce of conflict. Specifically,
conflict adaptation seems to occur because indalgdilexibly increase their recruitment
of cognitive control after detecting conflict, rétsuy in stronger cognitive control when

facing subsequent conflicts, and ultimately leadmgetter performance on subsequent



conflict trials (Botvinick et al., 2001). This im@etation of conflict adaptation is
supported by corresponding neural activation: tebat greater activity in the ACC
during conflict detection is associated with greaigivity in the dIPFC one trial later,
suggesting that recruitment of cognitive contrslowrces is increased following conflict
detection. If the bilingual advantage indeed reéfidmetter conflict monitoring, then
bilinguals should outperform monolinguals in ondha two stages of conflict
monitoring that are related to conflict adaptatdfects: they should exhibit either
superior conflict detection or increased reacte@uitment of cognitive control. Any
behavioral advantages in conflict adaptation shbeléccompanied by changes in
activation in the neural conflict monitoring netipnamely, the ACC, the vIPFC, and
the dIPFC, but also in regions outside the trad#@iononitoring network that are
recruited by bilinguals during language controlr Fstance, when bilinguals flexibly
shift between their languages during comprehensigroduction, they may be
strengthening resources involved in language-switchf these language-switching
resources are enhanced, then it would be benefaeisilinguals to co-opt them for
general purpose conflict monitoring.

Another issue undermining the current evidenceterbilingual advantage is
that bilingualism’s effects on cognitive controMegbeen primarily examined using
non-linguistic tasks. If controlled use of two laragies enhances cognitive control,
then bilingualism must necessarily impact lingaistognitive control performance as
well. However, it has been traditionally difficatt examine the effects of
bilingualism on cognitive control in linguistic damms because, by virtue of having

to learn and maintain two languages, bilingualsciity exhibit smaller single-



language vocabularies (Bialystok & Feng, 2009; 2®drtocarrerro, Burright, &
Donovick, 2007) and slower lexical access relativenonolinguals (lvanova &
Costa, 2008; Sandoval, Gollan, & Ferreira, 201@wkEver, psycholinguistic and
neurolinguistic evidence (January, Trueswell, & mpson-Schill, 2009; Novick,
Kan, Trueswell, & Thompson-Schill, 2009; Novickuéwsell, & Thompson-Schill,
2005) suggests that certain types of language gsougrequire cognitive control; in
particular, cognitive control may be deployed tealge competition when language
requires selection among competing alternativéiserin production (e.g., selection
between categorical exemplars on a verbal flueask)tor comprehension (e.qg.,
selection between a favored initial parse and treect, syntactically-licensed parse
during sentence processing). Thus, despite faliglgnd their monolingual peers in
some linguistic measures, bilinguals should stijog an advantage in sentence
processing when cognitive control demands are higérely, when the linguistic
context necessitates monitoring for syntactic gonéind potentially frequent
misinterpretation.

The goal of the present dissertation was to evaltleg conflict monitoring theory
of the bilingual advantage, particularly by compgrbehavioral and neural conflict
adaptation effects in bilinguals and monolinguald by investigating whether the
advantage manifests in sentence processing ingpbaoasional syntactic conflict.
Experiment 1 assesses whether behavioral conflaghtation genuinely reflects
recruitment of domain-general cognitive controVéuify that it is a sensible marker of
conflict monitoring. Experiment 2 investigates bébeaal conflict adaptation effects in

bilinguals and monolinguals to determine wheth&nguals exhibit an advantage in



either conflict detection or reactive adjustmentsagnitive control. Experiment 3 uses
fMRI to examine how the experience of bilingualiaffects the neural system underlying
conflict adaptation effects. Finally, Experimentedts whether bilinguals are better than
monolinguals at sentence parsing and comprehenshinguistic context that requires

monitoring for syntactic conflict.
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Chapter 2: Experimentl

Overview

The hypothesis that bilingualism should influenoeftict adaptation effects is
predicated on the assumption that conflict adamtaticcurs because encountering
conflict activates cognitive control mechanismd fiersist onto subsequent conflict
trials. Moreover, for these mechanisms to be thesaasponsible for the bilingual
advantage, they must be domain-general, operatibgth linguistic and non-linguistic
cognitive control tasks. Both of these assumptemescontroversial: many authors (Mayr
& Awh, 2009; Mayr, Awh, & Laurey, 2003; NieuwenhuBStins, Posthuma, Polderman,
Boomsma, & De Geus, 2006) have suggested thaticoaflaptation is an artifact of
stimulus repetitions, which are more likely to ocifladjacent stimuli are presented from
the same conflict condition; others argue thatugtoconflict adaptatiois the result of
adjustments in cognitive control, this control aggies only within a single domain
(Akcay & Hazeltine, 2008; Akcay & Hazeltine, 20 Hgner, Delano, & Hirsch, 2007).
Thus, before the conflict adaptation paradigm camded to investigate the conflict
monitoring account of bilingual cognitive advantagie must be demonstrated that
conflict adaptation is the result of online adjusiits in cognitive control rather than
repetition priming and that conflict adaptation mscacross domains. The goal of

Experiment 1 in the present dissertation was tothese assumptions of conflict

2 Portions of this chapter are reprinted from Cdgnit129, Kan, Teubner-Rhodes, Drummey, Nutile,
Krupa, & Novick, To adapt or not to adapt: The disesof domain-general cognitive control, pp. 637-
651, © Elsevier (2013), with permission from Elsavi

11



adaptation by investigating whether conflict adéptaoccurs across two different tasks
from ostensibly different domains with entirely aegte stimulus and response sets.

Recent work suggests that, whenever syntax is tearppoambiguous between
multiple plausible interpretations, sentence prsicgsengages the same cognitive control
resources that underlie conflict resolution on sgntactic control tasks (Novick,
Trueswell, Thompson-Schill, 2005). Thus, syntapicsing may not solely involve
syntactic mechanisms, but may also rely on moremgicognitive control abilities.

Take, for example, the NY times headline, “Googt®sputer might betters translation
tool” (example from Novick, Hussey, Teubner-Rhod#¢atbison, & Bunting, 2013). The
most common usage of the word “might” is as an laryiverb, meaning “may be”;
readers thus temporarily assign the auxiliary vedaning to the word “might” in this
sentence, even though it is actually being useadramun meaning “power.”
Psycholinguistic evidence reveals that individwatgploy cognitive control to suppress
their initial misinterpretation and recover theesimtled meaning when reading sentences
like this one.

Supporting evidence for the role of cognitive cohin syntactic ambiguity
resolution comes from patients with prefrontaldesi and from neuroimaging studies.
Novick, Kan, Trueswell, and Thompson-Schill (200&ted a patient with focal damage
to the left vIPFC on a variety of cognitive conttatks, including a non-syntactic recent-
probes memory task and a syntactic ambiguity cohgrgion task. They found that,
across the tasks, the patient was selectively ira@ain trials that involved conflict
resolution. Namely, the patient exhibited exaggetarror rates on proactive-

interference memory trials, which required ovengla familiarity response to a recently

12



presented but currently irrelevant item, and atsomitted frequent overt errors on the
syntactic ambiguity task, indicating failure to i@ his initial interpretation. The co-
occurrence of these deficits suggests that thelleEC underlies both syntactic and non-
syntactic conflict resolution. Moreover, evidenceni fMRI indicates that overlapping
voxels in the vIPFC are co-activatetthin individualsby conflict on the Stroop task
(defined as incongruent trials for which the megroha color word does not match the
font color of that word) and by syntactic ambiguiianuary, Trueswell, & Thompson-
Schill, 2009). This finding indicates that the viPIs involved in both domain-general
cognitive control and syntactic ambiguity resolatia healthy adults, not just in patient
populations.

Although prior research demonstrates that syntactibiguity resolution requires
the same conflict resolution mechanisms used inailomgeneral cognitive control tasks,
like Stroop, no study has investigated whetherasstid ambiguity can induce conflict
adaptation, which would demonstrate that the conffionitoring system is domain-
general. This is a pre-requisite to examining thaflect monitoring theory of the
bilingual advantage, because the bilingual advaniisglf appears to be domain-general.
Specifically, because the advantage apparentlyssteom the systematic control of two
languages but emerges on non-linguistic cognitorgrol tasks (Bialystok, 2010;
Bialystok et al., 2004, Bialystok & Viswanathan,02) Costa et al., 2008; 2009;
Hernandez et al., 2010), the advantage must bénappmechanism that spans linguistic
and non-linguistic domains.

If syntactic ambiguity indeed activates domain-gaheognitive control

resources, then it should also lead to better pmdiace on subsequent conflict trials. In
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order to test whether conflict adaptation can oemuoss domains, Experiment 1
interleaved stimuli from a traditional cognitiventool task, the Stroop task, with
syntactically ambiguous (and unambiguous) sentemigele Stroop task (Stroop, 1935),
participants must name the font color of words Whace themselves names of colors. On
non-conflict or congruent trials, the font colodaihe word meaning match each other, so
the word meaning, though irrelevant to the task gbaaming the font color, still
facilitates color naming. In contrast, on conflictincongruent trials, the font color and
the word meaning mismatch, leading to two possibtancompatible responses—this
conflict must be resolved, either by inhibiting ihelevant word meaning or enhancing
activation of the goal-relevant font color, in order the participant to output the correct
response. The occurrence of conflict adaptatiomduhe Stroop task, where participants
are faster and more accurate on incongruent thalswere preceded by incongruent
trials than on incongruent trials that were predeole congruent trials, has been widely
replicated (Botvinick, Cohen, & Carter, 2004; Jireéi& Méndez, 2013; Kerns et al.,
2004, Larson, Kaufman, & Perlstein, 2009).

The purpose of interleaving a sentence procesasigwith the Stroop task is
two-fold: 1) Because the tasks contain separateuitand response sets, this design
completely removes stimulus repetitions from trekta@o that any observed conflict
adaptation cannot be attributed to repetition prgniThus, finding conflict adaptation in
this paradigm would ensure that adaptation is duwmntine adjustments in cognitive
control; 2) It further probes the theory that sgtitaambiguity resolution relies on
domain-general cognitive control mechanisms. Conéldaptation should only occur

from a syntactic ambiguity task to a Stroop tadkoith tasks are engaging the same
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neural resources. Despite their apparently disamtéisk structures, | hypothesize that,
because they purportedly share cognitive controlatels, syntactic ambiguity and the
Stroop task should elicit conflict adaptation thaheralizes from one task to the other.
Such a finding would pose a significant challergeepetition priming accounts of
conflict adaptation and provide strong evidencedfmmain-general cognitive control. It
would also support the notion that encountering petition between two languages
could engage and strengthen a domain-general comfbnitoring system, leading to the
observed bilingual advantage. Moreover, it woulggast that, because syntactic
ambiguity and non-syntactic conflicts tap the samflict monitoring system, a
bilingual advantage in conflict monitoring shoubdend to syntactic ambiguity

resolution (see Chapter 5).

Method

All subjects performed a standard color-word Strtagk and a sentence
processing task (hereafter, the Stroop-Sentenkg takich were interleaved so that
each trial could be followed by either a Stroopltdr a sentence trial. Both tasks
included conflict trials (incongruent Stroop tri@isambiguous sentences) and non-
conflict trials (congruent Stroop trials or unamimgs sentences) in order to assess
conflict adaptation. For the purpose of using cstesit terminology across tasks
when referencing trial type, conflict trials on baasks are referred to as incongruent,
whereas non-conflict trials on both tasks are reféto as congruent. These trials
were pseudorandomized to produce equal numbemiotbnflict adaptation

conditions: congruent trials preceded by congrirgis (CC); incongruent trials
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preceded by congruent trials (Cl); congruent tnmksceded by incongruent trials

(IC); and incongruent trials preceded by incongtueals (I1). Thus, the condition of
a particular trial was given by both the currerdlttypeandthe preceding trial type,
where the first letter indicates the precedind tyipe and the second letter the current
trial type. | was primarily interested in crosskaslaptation, because within-task
conflict adaptation does not inform the questionvbéther conflict adaptation

reflects engagement of domain-general cognitivdérogrtherefore, the trials were
arranged to maximize cross-task conflict adaptagexuences, and within-task

sequences were included only to minimize predittalaf task type.

Participants

All subjects (N = 41) were undergraduates at VVohaa University. After
undergoing informed consent, each subject wasdestividually. Each session
lasted approximately 45 minutes, and subjects vedatourse credit for their

participation.

Materials

The Stroop-Sentence task consisted of 191 trialshach 71 were sentences
(21 ambiguous, 21 unambiguous and 29 filler) an@i@re Stroop trials (60
congruent and 60 incongruent). On color-word Strivigs, subjects identified the
ink color (blue, yellow, or green) in which coloames were printed, responding as
quickly and accurately as possible via button pré#sereas color names matched the
ink colors on congruent trials (e.g., the word ‘@lprinted in blue ink), color names
and ink colors were mismatched on incongruentstifalg., the word “red” printed in

blue ink). Because syntactic ambiguity is beliet@thvolve representational

16



conflict (Novick et al., 2005), or competition bet@n incompatible interpretations, |
used a “response-ineligible” version of the Streemgk that was designed to involve
only representational conflict without also invaigiconflict between competing
response options (see e.g., January et al., 20®am, Banich, & Barad, 2003;
Milham et al., 2001). Specifically, on incongruérals, the written color names were
not among the possible response options, but vibex,aesponse-ineligible color
names (“red”, “brown”, and “orange”). Since pamiants’ button response options
were blue, yellow and green, and they never sawrd yrinted in red, brown, or
orange, the word meaning could not lead to a comgpegsponse on these trials.
Thus, the incongruent trials inducedhaaning-basedonflict between the mental
representation of the written color name and thecoior, but did not induce a
response-basecbnflict because there was no button press carrebpg to the

written color name. Previous research has founthigeinterference effect is reduced
for response-ineligible incongruent trials relatteeraditional response-eligible
incongruent trials, supporting the notion that tdeynot involve response conflict
(January et al., 2009; Milham, Banich, & Barad, 208lilham et al., 2001).

On sentence trials, participants read the sentdncpsessing the spacebar to
reveal the sentence one word at a time (e.qg. psekd reading). Sentences were
either syntactically unambiguous (congruent) oy tbentained a temporary syntactic
ambiguity (incongruent). Ambiguous sentences céarsgorary misinterpretation
that requires subsequent revision by the readag@ess that engages domain-

general cognitive control (Novick et al., 2005; Ntkvet al., 2009; Ye & Zhou,
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2009). Unambiguous sentences do not cause suchtenmietation and consequently,
cognitive control does not need to be deploye@tover the intended meaning.

All sentences were based on materials from Garrigsgrimutter, Myers and
Lotocky (1997). Each experimental (e.g., non-f)lleentence contained a verb that
was biased to take a direct-object (e.qg., “accepti) instead was followed by a
sentence complement (see (a) and (b)). For example:

(a) The basketball player accepted the contractdvoave to be negotiated.

(Temporarily Ambiguous)

(b) The basketball player acceptedt the contract would have to be

negotiated. (Unambiguous)

In (@), the verb “accept” is immediately followey & plausible direct object “the
contract”, such that both the preferred (but inecty direct-object interpretation and
the dispreferred (but correct) sentence-complenméetpretation of “the contract”

are temporarily viable. Readers briefly misintetpghese sentences (e.g., Garnsey et
al., 1997; Novick, Thompson-Schill, & Trueswell,d&) because the reader generates
verb-based predictions, which ultimately confliathwthe current syntactic context.
For instance, the verb “accept” is typically folled/by a direct-object, so readers
expect a direct-object; when they encounter evidéhat conflicts with this
expectation, like “would have,” they slow down (Gsey et al., 1997). This suggests
that, at first, readers mischaracterize “the catitras a direct object (“The basketball
player accepted the contract...”) but then revisé dhalysis and recover the correct
complement-clause interpretation (“...the contractlddave to be negotiated”).

Critically, adding the word “that” in (b) syntacdilty cues the complement-clause
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reading, thus blocking the incorrect direct objaterpretation and reducing
processing difficulty (Ferreira & Henderson, 199@eswell, Tanenhaus, & Kello,
1993). Therefore, in ambiguous sentences, butmarnbiguous sentences, readers
must overcome their initial direct-object bias nder to arrive at the correct parse. In
our study, ambiguous sentences are equivalenttmgruent Stroop trials, in that
both require conflict resolution between two conmptepresentations.

Stroop and sentence trials were pseudorandomibdive constraint that
experimental sentences were always preceded dod/éal by a Stroop trial. To
ensure that participants could not detect thisepatfiller sentences, which had
different constructions than the experimental secegs, were adjacent to either filler
sentences or Stroop trials, and Stroop trials wdjacent to either sentence trials or
Stroop trials. There were two types of cross-taskst Stroop trials preceded by
sentence trials (Sent-Stroop) and sentence tnatseded by Stroop trials (Stroop-
Sent). Both of these cross-task trial types coethitD trials of each of the four
critical conflict adaptation conditions (CC, Cl,,I{T).2 The remaining trials did not
fall into one of the cross-task conflict adaptatommditions, either because they were
preceded by a trial from the same task, or becthesewere preceded by a filler
sentence.

To ensure that subjects read the sentences, ssibjesitvered true/false
comprehension probes after 10 of the filler serdaenBrobe questions were not
included after the experimental sentences becatrselucing such items before a

Stroop trial could disrupt the sustained engagermteobgnitive control across tasks.

% Due to sequencing constraints, there was oneiadditCC trial of the Stroop-Sent type.
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Probe questions were included after only a suldd#iediller sentences to prevent

them from drawing the participants’ attention todsathe experimental manipulation.

Procedure

Prior to the mixed Stroop-Sentence task, partidgppracticed trials from
each task to familiarize themselves with task pdoces. First, they were given 10
Stroop trials in order to learn the color respomsgpings, followed by a baseline
block of 145 Stroop trials. Then, they read a sanfijer sentence to acquaint
themselves with the self-paced moving-window proacedBefore continuing onto
the experiment, participants completed 20 interchi@&oop-Sentence practice trials,
in order to become accustomed to switching betviregintypes. This mixed-task
practice session followed the same procedure asée experiment, except that
none of the sentences contained the ambiguousamnhiguous construction of the
experimental items.

In the mixed-task experiment, each trial began witéft-aligned fixation
cross, which was replaced by either a Stroop aeser stimulus after 500 ms. The
Stroop stimulus remained on the screen for 1000amg was followed by a blank
screen for an additional 1000 ms, before the foxatiross for the next trial appeared.
The sentence stimulus began with a full mask @ estying of dashes that
corresponded to the number of letters and wordsdrsentence in place of actual
words) until the subject pressed the space baegmlreading one word at a time.
After the subject read the last word in the sergeadlank screen appeared for 1000
ms. For the subset of filler sentences with comg@nsion probes, the blank screen

was followed by a true/false statement, which remaion the screen until the subject
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responded. After the participant responded, theescwas blank for 1500 ms before

the start of the next trial.

Results

One subject was excluded from all analyses fomigilo complete the
experiment. To ensure that subjects were actuadlging the sentences, accuracy was
analyzed in response to comprehension questioims) #6% correét(7 out of 10
guestions) as the cut-off threshold. One partidipdrose performance fell below this
threshold (to 50%) was excluded from subsequeryses The remaining
participants (n = 39) all scored 70% or above oriesece comprehensioN(= .9,SD
=.09). Due to a programming error, one of the coegt sentence trials was missing
the last word for half of the participants (n =.189r these subjects, both the sentence
trial and the subsequent Stroop trial (Cl) wereaeed from all analyses.

Analyses focused on the influence of sentencedmotrial accuracy and
reaction time (RT), because Stroop is known to pcedobust interference and
conflict adaptation effects (Botvinick, Cohen, &rta, 2004; Jiménez & Méndez,
2013; Kerns et al., 2004; Larson, Kaufman, & Pentst2009). A typically used
index of conflict adaptation is the interactionveeén preceding trial type and current
trial type. A significant interaction term refledtgat interference effects (e.g., more
errors or longer reaction times for incongruerdtige to congruent trials) on the
current trial are contingent on the preceding tygk. In this case, it would reveal

that the effect of congruency on the current Strioig depends on the congruency of

* This threshold is slightly lower than the 75% gireld used in later experiments. This was
necessarily the case, because Experiment 1 incluelgdlO comprehension questions, so it was not
possible to achieve an accuracy of 75%.
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the preceding sentence trial. Thus, data were gtdurto a 2 x 2 (preceding trial x
current trial type) repeated-measures ANOVA fohbetcuracy and reaction time
(RT), including only those critical Stroop triatsat were preceded by sentence trials.

For the accuracy data, neither the main effectetgding trial typeHR(1, 38)
=2.17,p = .15), nor the main effect of current trial typas significantf(1, 38) =
2.27,p = .14). There was, however, a significant intecscbetween preceding trial
type and current trial typé-(1, 38) = 6.22p = .02), indicating that the effect of the
current Stroop trial congruency was modified bycpoeng sentence trial congruency.
To further investigate this interaction, pairwisenparisons between the conditions
of interest were conducted using two-tailed patregsts at the Bonferroni-corrected
alpha level of .025. For completeness, Bayes Fa¢RBIf) were also computed with
the Unit-Information prior using the online BF aallators developed by Rouder,
Speckman, Sun, Morey, and Iverson (2009). Followiegexample of Wetzels et al.
(2011), BFs are stated as the odds in favor o&lfeenative hypothesis relative to the
null (as opposed to the inverse employed by Roeatal., 2009). Thus, BFs < 1 are
evidence for the null and BFs > 1 are evidenceéHeralternative, such that BFs > 3
are considered substantial, BFs > 10 strong, ared>BB0 very strong support for the
alternative (Wetzels et al., 2011).

Stroop interference effects (e.g., decreased acgwraincongruent relative to
congruent trials) were assessed while controllireggding trial type by comparing
CC to ClI performance and by comparing IC to Il perfance. As can be seen in
Table 1, although participants were numericallg lascurate on CI than Il trials, the

interference effect was not significant when thecpding sentence trial was
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congruent{(38) = 2.243p =.03; BF = 1.67) nor when the preceding sentenak t
was incongruentt(38) = -0.26p = .8; BF = 0.16). However, if participants exhibit
lower accuracy on ClI trials relative to Il trialdike exhibiting equivalent accuracy
on CC and IC trials, this would still indicate atitpn to conflict following an
incongruent sentence trial. Indeed, participantsewegnificantly less accurate on ClI
than on Il trials {(38) = -2.534p = .016; BF = 3.06), but performance was not
significantly different between CC and IC trial38) = 0.467p = .64; BF = 0.18).
This reveals that the numerically reduced interfeeceffect following incongruent
trials is the result of higher accuracy on Il wiatlative to Cl trials, suggesting that
participants exhibited conflict adaptation on Sfrawals that followed ambiguous
sentences.

Table 1

Accuracy and Reaction Time on Stroop Trials by Pdaty Sentence Type

Preceding Congruent Preceding Incongruent

Measure cC Cl IC I
Proportion Correct
M 97 .94 .97 97
SD .04 .09 .06 .07
Reaction Time

M 672.76 715.88 685.12 698.46
SD 101.35 84.80 105.33 86.09

The effects of preceding and current trial typeRdnwere analyzed for
correct trials only, because incorrect trials doneflect successful conflict
resolution. Note that preceding trial accuracy waiscontrolled, because
participants’ response to sentence trials was @edbrrect nor incorrect (they merely

responded to reveal the next word). To reducertfigeince of outliers, | found all
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trials with RTs that were more than 2.5 standardadi®ns away from the mean for
each subject, and re-set the RT for those triala®.5 standard deviation threshold
value.

The 2 x 2 repeated-measures ANOVA of RTs reveal@draficant main
effect of current trial congruenci# (1, 38) = 25.09p < .0001), but no effect of
preceding trial congruenc¥(1, 38) = 0.21p = .65). Again, there was a significant
interaction between preceding and current triaétfFgl, 38) = 10.26p = .003). This
interaction was explored in the same manner aadberacy data, by examining the
Stroop interference effects (e.g., RTs are slowmanoongruent than on congruent
trials) when the preceding trial was congruentwhén the preceding trial was
incongruent using paired two-tailed t-tests, usiri§ponferroni-corrected alpha of
.025. As shown in Table 1, RTs were significandgtér for CC than for CI trials,
indicating a significant interference effect whae preceding sentence trial was
congruent{(38) = -5.87p < .0001; BF > 1,000). In contrast, RTs were not
significantly faster for IC than for Il trial¢(88) = -1.84p = .07; BF = 0.80). This
pattern suggests that the interference effect edsced when the preceding sentence
trial was incongruent. Additional pairwise comparis were conducted using a
Bonferroni-corrected alpha of .025 to probe whetherdifferent interference
magnitudes were the result of faster responsektaals relative to Cl trials (the
critical conflict adaptation comparison) or slowesponses on IC trials relative to CC
trials. Participants were significantly slower &spond on ClI trials than Il trial§38)
=2.81,p<.008; BF = 5.67), suggesting that they indeddlated conflict adaptation

following sentence trials. Additionally, performanaon IC trials was not significantly
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different from performance on CC triat$38) = 1.53p = .13; BF = 0.49), so the
reduced interference following incongruent sentsraanot be attributed to slower

responding on IC trials.

Discussion

The results from Experiment 1 demonstrated thatlicoadaptation occurs
across two apparently different tasks, transferfiom a sentence processing task to
a non-syntactic Stroop task. Because conflict adegpt occurred across two tasks
with non-overlapping stimulus and response seesehesults render the repetition
priming account of conflict adaptation (Mayr & AWPQ09; Mayr et al., 2003;
Nieuwenhuis et al., 2006) virtually untenable—camfadaptation still occurred when
stimulus repetitions were impossible. Instead,gHewlings support the conflict
monitoring theory of conflict adaptation (Botviniek al., 2001), namely, that conflict
detection signals adjustments in cognitive cormesburces. These adjustments
facilitate resolution during subsequent encounigtis conflict because increased
cognitive control engagement is sustained acraas.tSuch conflict adaptation could
not occur across two different tasks unless batksteangage shared cognitive
resources. Thus, Experiment 1 provides furthereawd that syntactic ambiguity
resolution relies on domain-general cognitive colmesources, the same as those
used for conflict resolution in the Stroop task.

However, one legitimate concern about this integtien of the results from
Experiment 1 is that both the sentence-processaslgdnd the Stroop task, though

involving different stimuli types and task demana® verbal in nature. The Stoop
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task may not involve syntactic processing, buertainly involves lexical processing,
as its stimuli are all lexical items (e.g., colaongs). Thus, even though conflict
adaptation occurred across syntactic and non-syntdmmains, this cross-task
adaptation could be interpreted as adaptatiinin the more broadly-construed
verbal domain. Perhaps these results were sim@yalayntactic ambiguity and
Stroop conflict tapping a verbal-specific cognita@ntrol mechanism.

This limitation was addressed in the second expartrnonducted by Kan,
Teubner-Rhodes, Drummey, Nutile, Krupa and NovR&i3), not included in the
present dissertation. This second experiment irgagstd conflict adaptation from a
non-verbal perceptual ambiguity task involving passiewing of the Necker cube
figure (Necker, 1832) to the color-word Stroop te3&rticipants viewed ambiguous
and unambiguous versions of the Necker cube fignegleaved with incongruent
and congruent Stroop stimuli. The ambiguous Neckbe is a figure with
transparent, overlapping 2-dimensional squaressiwtan be perceived as one of two
different shapes: a 3-dimensional rectangle pagndiown and to the right or a 3-
dimensional rectangle pointing up and to the [Effi unambiguous version of the
Necker cube is a figure with opaque, overlappirdirBensional squares, which can
only be perceived as one 3-dimensional rectanghiape. Results showed that
individuals who, on average, experienced a highbrrrof reversals while viewing
the ambiguous Necker cube were significantly momieate on incongruent Stroop
trials that were preceded by the ambiguous Nedgard than the unambiguous
Necker figure (Kan, Teubner-Rhodes, Drummey, NuKleipa, & Novick, 2013). In

contrast, for individuals experiencing a low numbegreversals, the preceding
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Necker trial type did not influence accuracy onoimgruent Stroop trials. Indeed, the
average number of reversals experienced duringyeaggewing of the ambiguous
Necker cube was significantly positively correlateith the extent of conflict
adaptation, such that experiencing more reversassassociated with higher
accuracy on Il trials relative to Cl trials (Kangdbner-Rhodes, Drummey, Nutile,
Krupa, & Novick, 2013). Not only does this resutndonstrate that conflict
adaptation can occur across perceptual and vedoadits, but it also reveals that the
amount of adaptation to conflict is directly rethte the amount of ambiguity or
conflict experienced, as would be expected if aalagpt occurs as a reactive
adjustment in cognitive control in response todhtection of conflict.

The results of Experiment 1 in conjunction witheatieross-task conflict
adaptation studies provide crucial evidence for @iorgeneral cognitive control.
Additionally, they support the theory that theraidomain-general system
responsible for signaling adjustments in cogniteatrol and that this “conflict
monitoring” system underlies conflict adaptatiorg the sustained engagement of
cognitive control following the detection of comfli The demonstration that the
conflict monitoring system operates across distitwerhains is critical to the conflict
monitoring account of the bilingual advantage (Ateli et al., 2012; Costa et al.,
2009), because language switching should only irgomnflict monitoring in non-
linguistic domains if conflict monitoring is domageneral. Put another way,
practice-related improvements in a linguistic-spe@onflict monitoring resource
would not impact a separate, non-linguistic reseutitus, bilinguals should only

exhibit improved conflict monitoring on non-lingtitstasks (i.e., the observed
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bilingual advantage) if language switching engagessame, domain-general system
that is employed on non-linguistic tasks. The dehfhonitoring account of the
bilingual advantage is only viable because confittaptation, and by extension, the
conflict monitoring system, appears to be domainegal.

Since Experiment 1 supports the notion that dorgaimeral conflict
monitoring processes subserve conflict adaptafitacts, conflict adaptation can be
used as an indirect measure of conflict monitoahiities. The conflict adaptation
paradigm, in which performance is examined as atfon of both preceding and
current trial type, can be used to break-up canfionitoring into its constituent
components. Specifically, performance on CI tradsesses conflict detection
abilities, because participants encounter an Irataflict in a sequence. On such
trials, they must notice the competing represemtatin the input and recruit domain-
general cognitive control resources to help overtiee irrelevant representation. On
the other hand, performance on Il trials reflet#gible adjustments in cognitive
control, because participants encounter confliigrgrocessing conflict on an
immediately preceding trial. On these trials, thiert to which cognitive control is
engaged following the detection of conflict on greceding trial should influence
performance; Il performance will be better for miduals who reactively recruit
cognitive control to a greater extent. Thus, theflod adaptation paradigm can be
used to delineate separable processes contribiatiognflict monitoring.

As outlined above, recent research examining tleghbial advantage in
cognitive control has attributed this advantagerproved conflict monitoring

abilities (Abutalebi et al., 2012; Costa et al.020Hilchey & Klein, 2011). If this is
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indeed the source of the bilingual advantage, tiemguals should perform
differentially than monolinguals on the conflictegadation paradigm, given that
conflict adaptation indexes conflict monitoring l#k@s. Moreover, assuming that
bilinguals indeed possess superior conflict momtpskills, then the conflict
adaptation paradigm can help determine whetherguills are particularly better at
conflict detection, at reactively adjusting cograticontrol recruitment, or both.

The purpose of Experiments 2 and 3 was to invaiithe conflict monitoring
account of the bilingual advantage by comparinglaradaptation effects in
bilinguals and monolinguals. Experiment 2 usedStreop task to test conflict
adaptation behaviorally in bilinguals and monolialg whereas Experiment 3
examined whether the neural signatures of cordlietptation were different for
bilinguals and monolinguals. More specifically, yioais studies have indicated that,
following conflict trials, monolinguals exhibit raded activation in the ACC and
increased activation in pre-frontal control regiamsesponse to additional conflict
(Botvinick et al., 1999; Kerns et al., 2004; YeuBgtvinick, & Cohen, 2004). The
present dissertation examines whether these saamges in activation also occurred

in bilinguals, and if so, whether they occurreatdifferent extent.
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Chapter 3: Experiment 2

Overview

Although conflict adaptation is one of the behaaldrallmarks of conflict
monitoring, which is the theorized source of thengual advantage, no one has yet
compared the magnitude of conflict adaptation im@uals and monolinguals.
Experiment 2 was designed to examine behaviordlicbadaptation effects in
balanced bilinguals and in monolinguals. If balahb&inguals indeed have higher
conflict monitoring abilities than monolingualsethshould exhibit superior conflict
detection, greater moment-by-moment adjustmentsgmitive control, or both. To
investigate these predictions, | tested balanceohiSp-English bilinguals and
English monolinguals on a single-task color-wortb8p containing the four conflict
adaptation conditions, CC, ClI, IC, and Il. Perfonc@on ClI trials reflects conflict
detection, because these trials require resohamdlict when the preceding trial did
not contain conflict. Performance on Il trials esfls reactive recruitment of cognitive
control, because these trials involve resolvingflatirafter encountering conflict on
the previous trial.

A secondary goal of Experiment 2 was to separaiétéaion from
interference effects in bilinguals and monolingu@ls traditional versions of Stroop-
like tasks, the overall interference effect, catedl by the difference in performance
on congruent and incongruent trials, captures fawifitation and interference

processes (Kane & Engle, 2003). That is, congrureis, for which the irrelevant
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stimulus dimension matches the relevant stimulugoate, actually improve (or
facilitate) performance relative to neutral trisdsvhich the irrelevant dimension is
unrelated to the relevant attribute. On the otfaerd) incongruent trials, for which the
irrelevant stimulus dimension mismatches the reledanension, impair (or interfere
with) performance relative to neutral trials. Suautral trials are distinct from
congruent and incongruent trials in that theirl@vant stimulus dimension is
completely unrelated to the relevant stimulus disn@m For instance, in Stroop,
neutral trials would consist of non-color wordsnpeid in a variety of font colors (e.g.,
“horse” in green ink), whereas both congruent amdmgruent trials consist of color
words printed in a variety font colors (e.g., “gneer “blue” in green ink). The
inclusion of neutral trials allows the traditionaterference effect to be decomposed
into two parts, facilitation and interference, bpyding an intermediate performance
reference point.

Separating interference and facilitation is impott&hen examining
individual differences in inhibitory control; indégprevious research has found that,
relative to low working memory capacity participgnindividuals with high working
memory capacity exhibit both decreased facilitanod decreased interference,
apparently because they are better maintaininggiiegoal of suppressing the
irrelevant stimulus dimension (Kane & Engle, 2008jhough some studies have
claimed to demonstrate a bilingual advantage imbitdry control (Bialystok et al.,
2004), most of these have employed a conglomenttegerence measure
encompassing both facilitation and interferencea$. Thus, instances showing less

interference in bilinguals could be due to reduicgerference, reduced facilitation, or
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both. Similarly, for studies that find comparableell interference effects in
bilinguals and monolinguals (Costa et al., 2009rtMeRhee & Bialystok, 2008), it
does not necessarily follow that bilinguals do Imate reduced interference,;
bilinguals may have reduced interference but lafgelitation, or vice versa. Indeed,
one study that used neutral trials to calculatdifaiton and interference on a
numerical Stroop task, in which participant hasidmne the number of elements in a
sequence, which was either the same (e.g., 1,33),@ different (e.g., 2, 33, 111)
from the numerical value of the individual elemerésind that bilinguals had
increased facilitation but decreased interfereetative to monolinguals (Hernandez,
Costa, Fuentes, Vivas, & Sebastian-Gallés, 201Qici@lly, this result might have
been interpreted as comparable overall interfereffeets if neutral trials had not
been included. Unfortunately, this result has lggean relatively little attention in
the literature, despite its importance for chanaziteg the bilingual advantage.
Reduction in both facilitation and interference \bindicate superior task
maintenance, whereas reduction in interferenceeatoay indicate better online
conflict resolution. By using this finer-grainedsassment of interference effects, we
can better determine the locus of the bilingualeadage.

Finally, Experiment 2 examined whether the bilingadvantage in cognitive
control applies to representational conflict, resgeconflict, or both.
Representational conflict occurs when multiple raktdkens representing different
concepts compete for selection. For example, irStheop task, incongruent stimuli,
such as “blue” written in green ink, invoke two amepatible representations, the

concept of ‘blue’ and the concept of ‘green.’ Resgoconflict, in contrast, occurs
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when multiple motor outputs compete for selectiarour Stroop example, the button
press for blue competes with the button pressreery creating response conflict.
These conflict types have been shown to engagedisteural regions (January et
al., 2009; Milham et al., 2001, 2003), suggesthmag they are separate abilities
(although they will often co-occur). Logically, imgualism induces both
representational and response conflict. When na@arngpject, bilinguals activate (at
least) two competing lexical representations, eamfeach language, and must select
which word to produce (Kroll, Bobb, Misra, & Gud)@8). However, most studies on
the bilingual advantage have either confoundedessprtational and response conflict
(Abutalebi et al, 2012; Costa et al., 2009, Herreanet al., 2010) or have used tasks
(e.g., the Simon task) that exclusively engageamrsp conflict (Bialystok et al.,
2004). Thus, it is unclear whether the advantagssfor both types of conflict
resolution.

As discussed in Experiment 1, representationallicbican be isolated from
response conflict by modifying the Stroop tasktcude two types of incongruent
trials, ‘response-eligible’ and ‘response-ineligiblJanuary et al., 2009; Milham et
al., 2001, 2003). In response-eligible (RE) trithe name of the color word is one of
the possible button responses, inducing both reptagonal conflict between the
color word meaning and font colandresponse conflict between the button
corresponding to the color word and the buttonesponding to the font color.
However, in response-ineligible (RI) trials, thdaravord name is not one of the
response options, so only representational condlictduced. Specifically, in a

Stroop task with three response options, (e.ge,blellow, and green), the word
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meaning on RE trials would always be “blue,” “y@ld or “green,” whereas the
word meaning on RI trials would only be other celdike “red,” “orange,” or
“brown.” Using such a design can tell us whetherltingual advantage applies to
representational conflict, response conflict, athbo

| expected to observe standard interference effedtere participants exhibit
the highest accuracy and fastest response timesrgruent trials, followed by
neutral, RI-incongruent, and RE-incongruent triesdspectively. | hypothesized that
bilinguals would be faster and more accurate thanatinguals across current trial
types (congruent, neutral, RI-incongruent, and REsmngruent) but that their overall
interference effect (congruent versus RE-incongjugauld be comparable to that of
monolinguals, replicating previous findings of alggl bilingual advantage (Bialystok
et al., 2004; Costa et al., 2009; Hilchey & Kle2011; Martin-Rhee & Bialystok,
2008). However, | hypothesized that bilinguals nigkperience greater facilitation
(congruent versus neutral) and less interfereneet(al versus RI-incongruent;
neutral versus RE-incongruent) than monolingualemtomparing to the neutral
baseline, replicating the findings of Hernandeal e€2010).

Regarding conflict adaptation effects, | predidieat, compared to
monolinguals, bilinguals should exhibit superionflict detection, superior reactive
control, or both. Superior detection would be ret#el in faster and more accurate
performance on ClI trials, whereas superior reaciorgrol would be reflected in

faster and more accurate performance on Il trials.
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Method

Participants

Participants included 33 balanced Spanish-Engligigbals (24 females;
Mage= 20.19, SQye= 1.94§ and 33 English monolinguals (27 females; 4 19.88,
SDage= 1.75) recruited from the University of Marylar@llege Park community.
Spanish-English bilinguals were recruited via fiyand e-mail advertisements. It was
confirmed prior to scheduling that bilinguals wélteent in both Spanish and English
and had had exposure to both languages prior ta@genglish monolinguals were
recruited from a mass screening questionnaire adtared through the Psychology
department to match bilingual participants on ageder, education, SES, and
parental education. Language status of both gragssverified during the study via a
language history questionnaire (see Appendix Ag dhestionnaire asked
participants to indicate the amount of time spge&ing English versus Spanish on
a 7-point scale (1: “Always English” — 7: “Alway$&nish”) at different times of
their life (prior to starting school, during elent@ry school, during middle school,
during high school, and during college/adulthoaa) an different settings (at home,
at school, with friends). It also asked particifgatiat report their proficiency on a 4-
point scale (1: “Not at all proficient” — 4: “Flu&hin speaking and listening for
English, Spanish, and any other languages theytrkighw. Bilinguals met the
language criteria for inclusion if they indicatesing both Spanish and English prior
to entering middle school, if they self-rated th@ioficiency as at least a 3 (“fairly

proficient”) in both speaking and listening for b@panish and English, if they

® One bilingual participant did not report age.
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currently used both languages in their daily lihaas] if they did not indicate
proficiency of 3 or higher in both speaking andeisng in a third language.
Monolinguals met the language criteria for inclusibtheir native language was
English, if they did not report exposure to a seclamguage prior to starting school,
if they did not report a proficiency of 3 or higharboth speaking and listening in a
second language, and if they did not currentlyaisecond language (outside of
formal school instruction). Depending on their prehce, all participants received
either 1 extra credit towards coursework or $1QlHieir participation. If an
individual's overall accuracy on the task was liéss 75%, that subject was dropped
from analyses and another subject from the sanyeiéage group was recruited to
participate instead; no bilinguals met this crdarfor exclusion, but this occurred for
one monolingual participant whose overall accunaag 67%. Prior to data analyses,
an additional 14 subjects participated but werduslexd because they did not meet

the language requirements for either group.

Materials and Procedure

The study included a color-word Stroop task andekground questionnaire.
The Stroop task was administered in two blockshaibreak in between them. Each
list contained 294 trials in total, 121-122 eaclta@figruent and incongruent (counter-
balanced across the lists) and the remaining 5& weutral to serve as a baseline.
Neutral words were matched to color-word stimulifi@guency and length.
Incongruent stimuli were divided equally between &t RI trials to assess the
separate contributions of response conflict andesgmtational conflict to

interference effects, with response-eligible wardsuding blue, green, and yellow
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and response-ineligible words including red, broamg orange. All Stroop stimuli
appeared in one of three colors, blue, yellow,reeg, with 98 trials of each color.
Trials were sequenced to include 48 of each cdrdtiaptation condition, CC, Cl, IC,
and 1.

Participants were instructed to respond to thé dofor of the word via button
push as quickly and accurately as possible. Eadotrial began with a fixation
cross that appeared for 500ms in the center ad¢heen. The cross was then replaced
by a Stroop stimulus, which remained on screed®0ms and was followed by a
1000ms blank screen.

After finishing the Stroop task, participants aessd a language background
and demographics questionnaire (see Appendix A)radtared via the online survey
host Qualtrics (http://www.qualtrics.com/). Mondajimals were not required to
complete the final section of this survey, whickesabout participants’ English
language skills, their frequency of L1 and L2 usiewgéaily life, their dominant or

preferred language, and language-switching.

Results

Two separate analyses were conducted, one to egdhereffect of
bilingualism on interference effects and the othezxamine the effect of
bilingualism on conflict adaptation effects. Bo#action time analyses adjusted for
the effect of outliers by computing the mean reactime of all correct trials for each
subject and replacing trials more than 2.5 standawiations beyond each subject’'s

mean with the 2.5 standard deviation thresholdezalu
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Interference Results

To examine the effect of current trial type on aacy, | conducted a 2 x 4
ANOVA with language group (bilingual versus mongjiral) as a between-subjects
factor and trial type (congruent, neutral, RI-ingarent, and RE-incongruent) as a
within-subjects factor. This revealed a significardin effect of current trial type
(F(3, 192) = 38.34p < .0001), but no effect of language group andamgliage
group x trial type interactiorp$ > .31). Planned comparisons of congruent versus
neutral, neutral versus RI-incongruent, and RI-iigraent versus RE-incongruent
were conducted using one-tailed paired-sartypsts to probe the expected
congruency effects. One-tailed t-tests were usedus® the hypothesized effect of
congruency is directional and well-supported byjeas literature (January et al.,
2009; Milham, Banich, & Barad, 2003; Milham et &001). As seen in Figure 1,
participants were significantly more accurate ongraent trials than on neutral trials
(t(65) = 1.64p = .05; BF = 0.45), they were equivalently accuateneutral and RI-
incongruent trialst(65) = 0.90p = .38; BF = 0.18), and they were significantly enor
accurate on RI-incongruent than on RE-incongrusgaist(t(65) = 7.49, p < .0001; BF
> 1,000). However, note that for the congruent werseutral comparison, the BF
value indicates support for the null hypothesis@difference between the

conditions, suggesting that there was no facititagffect in accuracy.
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Figure 1. Proportion correct by current trial tymand language group.

For reaction times, a 2 x 4 mixed-ANOVA with large group (bilingual
versus monolingual) as a between-subjects factbtraal type (congruent, neutral,
RI-incongruent, and RE-incongruent) as a withinjscis factor revealed a
significant main effect of language groug(1, 64) = 7.39p = .008), indicating that
monolinguals responded significantly faster thdimguals (see Figure 2). There was
also a significant main effect of trial type(8, 192) = 87.80p < .0001). However,
the interaction was not significant, indicatingtth@onolinguals were faster than

bilinguals across trial type&(3, 192) = 1.49p = .22).
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Figure 2. Reaction time by current trial type aatdguage group.

To investigate the hypothesized congruency effécsnducted planned
comparisons of congruent versus neutral, neutralugeRI-incongruent, and RI-
incongruent versus RE-incongruent trials, usingtaied paired-sampletests. As
expected, participants were significantly fastecongruent trials than on neutral
trials ((65) = -8.29p <.0001; BF > 1,000), significantly faster on mauithan RI-
incongruent trialst(65) = -3.70p < .0001; BF = 60.42), and significantly faster on
RI-incongruent than RE-incongruent trial6g) = -8.02p < .0001; BF > 1,000; see

Figure 2).

Conflict Adaptation Results

To examine conflict adaptation effects, | condd@de? (preceding trial type) x
2 (current trial type) x 2 (language group) mixed®@VAs separately for accuracy
and reaction time (RT) on conflict adaptation &iahly (i.e., CC, ClI, IC, and II).

Preceding trial type and current trial type weréhumi-subjects factors, and language
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group was a between-subjects factor. All post-drrals were excluded from
analyses, because error monitoring may reflecssodiable process from conflict
monitoring (Ullsperger & von Cramon, 2001). Triailsolving response repetitions
and/or negative priming were also excluded becthesecan lead to sequential
performance modulations that are unrelated to min8pecifically, response
repetitions, when the correct response is the sentiee response on the preceding
trial, typically lead to better performance and banconfounded with conflict
adaptation conditions (Mayr et al., 2003; Nieuwashat al., 2006). In contrast,
negative priming, which occurs when the word ongrexeding trial is the same as
the color on the current trial, is associated \piorer performance because if
participants suppressed the word meaning on tleegireg trial and that same
meaning is associated with the correct respongbeoaurrent trial, then it may need
to be reactivated before the participant can redifiane, May, Hasher, Rahhal, &
Stoltzfus, 1997; May, Kane, & Hasher, 1995; Ndifa77).

Accuracy analyses revealed a significant maincetié preceding trial type
(F(1, 64) = 9.29p = .003), a significant main effect of current ktigpe F(1, 64) =
35.25,p <.0001), and a significant preceding trial antblaage group interaction
(F(1, 64) = 4.78p = .03). The three-way interaction between preagthial type,
current trial type, and language group was notiggmt (F(1, 64) = .165p = .69).

No other effects were significamgq> .21).
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Figure 3. Proportion correct by language group arahflict adaptation conditio@C: preceding
congruent, current congruent. Cl: preceding congruairrent incongruent. I1C: preceding
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As can be seen in Figure 3, the main effect ofgulewy trial type emerged
because participants were significantly more adeuaéier incongruent trials than
they were after congruent trials. The current tiypke effect reflected the traditional
interference effect, namely that participants wess accurate on incongruent trials
than on congruent trials. To probe the interachietween preceding trial and
language group, | conducted post-hoc pair-wise @ispns with a Bonferroni
corrected alpha-threshold of .0125. Independenpzstitests found that bilinguals
did not significantly differ from monolinguals irtceuracy when the preceding trial
was congruent(64) = 1.32p = .19; BF = 0.54) or incongruert{§4) = 0.05p = .96;
BF = 0.24). However, paired-samples t-tests revketlat whereas monolinguals
exhibited significantly lower accuracy32) = -3.71p < .001; BF = 51.03) following
congruent than incongruent trials, bilinguals exeibequivalent accuracy(82) = -

0.25,p = .80; BF = 0.18) following congruent and incorgmtitrials (see Table 2).
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Visual inspection of Figure 3 suggests that thecloaccuracy in monolinguals
following congruent trials is primarily driven bglatively poorer performance on ClI
trials.

Table 2

Proportion Correct (and Standard Error) by Preceglifirial and Language Group

Preceding Trial Type

Language group

Congruent Incongruent
Bilinguals .93 (.01) .93 (.01)
Monolinguals .91 (.01) .93 (.01)

For reaction time analyses, there was a signifiocain effect of language
group E(1, 64) = 8.99p = .004) and a significant main effect of currerdlttype
(F(1, 64) = 180.94p < .0001). As can be seen in Figure 4, the maiecefsf
language group indicated that monolinguals wereifstgintly faster than bilinguals.
The effect of current trial type replicated stamdiaterference effects, with
significantly slower performance on incongruentitloa congruent trials.

There was also a marginal (i.p.< .1) main effect of preceding trial type
(F(1, 64) = 3.19p = .08), which indicated that participants werdada$ollowing
incongruent than congruent trials. Finally, a maadjicurrent trial by language group
interaction emerged=(1, 64) = 3.52p = .07). However, these effects should not be
over-interpreted, since they did not reach sigaifie. No other effects reached

significance ps > .16).
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Figure 4. Reaction time by language group and c¢cindidaptation conditionCC: preceding
congruent, current congruent. Cl: preceding congruairrent incongruent. I1C: preceding
incongruent, current congruent. Il: preceding irgrolent, current incongruent.

To investigate the current trial by language groeraction, | computed
interference effects (I-C) for each subject anddcmted an independent-samples t-
test comparing bilinguals and monolinguals. Thiseeted that the interference effect
was marginally larger in bilinguals than in monglirals {(64) = 1.93p = .06; BF =
1.35; see Table 3). Note, however, that the BFevaldicates only weak support for a
larger interference effect in bilinguals than monglals.

Table 3

Mean RTs (and Standard Errors) for the InterfereBffect by Language Group

Language group Interference effect
Bilinguals 70.25 (7.19)
Monolinguals 52.95 (5.36)
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Discussion

The findings from Experiment 2 provided mixed soppor the existence of a
bilingual advantage in conflict monitoring. Withgaerds to reaction time, bilinguals
actually exhibited a disadvantage compared to miogéls, responding more slowly
across trial types. However, in accuracy, an intea between language group and
preceding trial type revealed that monolinguals thacrements in accuracy following
congruent trials compared to incongruent trialserghs bilinguals showed no such

decline. The implications of these effects areuised below.

Interference Effects

The analysis of current trial type showed thatlevhilinguals and
monolinguals were equivalently accurate across @y, neutral, RI-incongruent
and RE-incongruent trials, monolinguals were fagtan bilinguals regardless of trial
type. This result was surprising, because it cainttad previous evidence that
bilinguals are faster than monolinguals on cogaitientrol tasks (Bialystok, 2010;
Bialystok et al., 2004; Costa et al., 2009; Herreamek al., 2010; Martin-Rhee &
Bialystok, 2008). It is, however, worth noting thinguals were at least numerically
more accurate than monolinguals across trial typaggesting that the apparent
bilingual disadvantage in reaction time may actuadflect a speed-accuracy trade-
off, wherein monolinguals are responding more dyiek the expense of accuracy.
Still, the present results call into question tbleustness and consistency of the
bilingual advantage.

These are not the first results that have faibefihd a bilingual advantage in

cognitive control. Paap and Greenberg (2013) réc&gdted a heterogeneous sample
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of bilinguals and English-speaking monolingualsaativerse set of executive
function tasks, including Simon, Flanker, Color-ga&hifting, Antisaccade, and
Raven’s Progressive Matrices, and failed to firgigaificant bilingual advantage on
any measure, even when controlling for parentatation and even after comparing
a subset of the most proficient bilinguals to asstilmf monolinguals with the least
second-language experience. One thing that themrsetudy and the Paap and
Greenberg study have in common is that they wetle dmnducted in “monolingual”
environments (e.g., the United States), where tisetiesingle, predominant language,;
in contrast, many studies that have found evidémica bilingual advantage (Costa,
Hernandez, & Sebastian-Gallés, 2008; Costa 2@09; Hernandez et al., 2010)
have been conducted in “bilingual” environmentg.(eBarcelona), where there are
two prevalent languages. This raises the intergsfirestion of whether particular
types of bilingual language experience might infice cognitive control differently.
In particular, bilinguals in environments wheretl@anguages are spoken
frequently may have more practice flexibly switahimetween their two languages.
Given the evidence reviewed in Chapter 1 that laggtswitching engages neural
resources associated with conflict monitoring (Adbeivi et al., 2012; Gold et al.,
2013), it is possible that increased experiench language-switching drives
performance boosts in conflict monitoring. If tieghe case, then larger advantages
are to be expected in bilingual populations thag In “bilingual” environments than
those living in “monolingual” environments. Howeybefore entirely embracing the
notion that only certain types of bilingualism &eneficial to conflict monitoring

abilities, recall that the present study also fothat the effect of language group on
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Stroop accuracy was modulated by preceding tr@d tproviding the first evidence

of different sequential conflict effects in bilingls and monolinguals.

Conflict Adaptation Effects

Despite failing to find a global bilingual advagéain accuracy or reaction
time, Experiment 2 did provide evidence that eadigcounters with conflict may
influence bilinguals and monolinguals differentyalSpecifically, whereas bilinguals
were equally accurate following congruent and igraent trials, monolinguals
exhibited lower accuracy after congruent trialsisTéffect appeared to be driven by
poorer performance on Cl trials, where individualgst detect initial conflicts
between the font color and word meaning in ordeegpond correctly. One
interpretation of this finding is that monolinguahay deactivate cognitive control
resources or fail to maintain the task goal follegvcongruent trials, where the
prepotent response (e.g., reading the word) wonddble correct responding; then,
after encountering conflict, they would reactivedgruit cognitive control, allowing
better accuracy on Il trials. Conversely, bilinguséem to be ready to resolve conflict
regardless of whether the preceding trial typeiggcuent or incongruent. This result
is consistent with the conflict monitoring accoohthe bilingual advantage (Costa et
al., 2009; Hilchey & Klein, 2011), because it sugfgehat bilinguals are better than
monolinguals at detecting conflict.

This interpretation is complicated, however, by fimding that bilinguals
were slower overall and had marginally larger ifgemnce effects in RT than
monolinguals did. Although bilingualism seemed éméfit accuracy during conflict

detection, it also seemed to generally slow prongs$Vhy might bilingualism
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induce slower but more accurate responding? Onglplity is that, because
bilinguals encounter linguistic competition moreduently than monolinguals, errors
in conflict resolution are more costly. Monolingsiahay be able to resolve
competition relatively quickly and still make vew errors in comprehension or
production. However, if bilinguals sped up to agki¢the same erroate as
monolinguals, this could drastically increase nlnenberof errors that they make,
considering that they are constantly facing contipetibetween their language
systems. Thus, bilinguals’ apparent speed-accuradg-off could reflect a strategy

to reduce the number of cross-linguistic errory #neperience.

Conclusions

Although the evidence for the bilingual advantageonflict monitoring in
Experiment 2 was mixed, the results open the doéurther investigations of trial-by-
trial adjustments in cognitive control in bilingealnd monolinguals. Since Experiment 2
found that monolinguals’ accuracy was adverselgaéfd when the preceding trial was
congruent, it would be interesting to assess chaimgthe neural conflict monitoring
system that protect bilinguals from this performeadecrement. The purpose of
Experiment 3 was to further examine the effectilidpualism on sequential modulations
in cognitive control by examining the neural systsaimderlying conflict adaptation in

bilinguals and monolinguals.
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Chapter 4. Experiment 3

Overview

The conflict monitoring theory originally develop&dm observations
regarding ACC activity in response to conflict. kigia Flanker task in which a target
center arrow pointed in the same direction (confybaltior the opposite direction
(incompatible) as distracting flanker arrows, Botek and colleagues (1999) noted
that activity in the ACC increased in responsentmmpatible trials, but that this
activation was reduced if the previous trial wesahcompatible — in other words,
ACC activity demonstrated conflict adaptation! Tehghors proposed that the ACC
reacted when conflict was highest (e.g., on Cld)jdriggering adjustments in
cognitive control to reduce subsequent conflictsrédver, the increase in ACC
activity for Cl relative to Il was positively coleged with the increase in reaction
time for Cl relative to Il, suggesting that ACCiaityy indexes the extent of
behavioral conflict adaptation. Subsequent studiesaled that the ACC is not the
only brain region whose activity corresponds with tonflict adaptation effect, but
that the dorsolateral prefrontal cortex (dIPFOQhiwre active following conflict trials
and associated increases in ACC activity, providiniglence that ACC is indeed
signaling to pre-frontal regions to enact greatartml (Kerns et al., 2004).

Thus, the neural correlates of conflict adaptasioewell-documented in
monolinguals, providing us with candidate regiaranely the ACC and dIPFC, to

investigate as possible sources of the bilinguahathge in conflict monitoring. Few
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studies, however, have examined the underlyingah@atwork supporting the
bilingual advantage. One compelling exceptiontieant study by Abutalebi et al.
(2012), which demonstrated that language-switchimd) conflict in the non-verbal
Flanker task co-activates the ACC. Since the ACasstructure thought to be
responsible for detecting conflict and signalinguatinents in control in
monolinguals (Botvinick et al., 2001, 2004), thiggests that bilinguals recruit the
same conflict monitoring network for resolving nlomguistic conflict and for
switching between their languages. Additionallyatige to monolinguals, bilinguals
had reduced ACC activity in response to confliesite experiencing less
interference behaviorally (Abutalebi et al., 20123nguage-switching has also been
found to recruit the dIPFC, which is implicatedgeneral conflict resolution
(Hernandez, 2009; Hernandez, Martinez, & Kohné&@®, and the left caudate
(Abutalebi, Brambati, Annoni, Moro, Cappa, & Petd007; Abutalebi, Della Rosa,
Ding, Weekes, Costa, & Green, 2013; Crinion et281Q6). Activation of left caudate
is typically observed during control of motor outpund is reduced in disorders that
impair motor control, like Huntington’s and ADHD &3azzi et al., 2007; Rubia,
Overmeyer, Taylor, Brammer, Williams, Simmons, &llBwre, 1999; Shadmehr &
Holcomb, 1999). These findings confirm that langetawitching invokes similar
neural resources as general conflict processingingdanguage-switching a
plausible mechanism for improving cognitive congbllities in bilinguals.
Additional evidence for the role of these contegjions in the bilingual
advantage comes from differences in task-switchgrormance between older adult

bilinguals and age-matched monolinguals. Relatveonolinguals, bilinguals
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demonstrated reduced switch-costs in a color-sHapision task where participants
alternated between identifying the color and idgimg the shape of a picture (Gold
et al., 2013). This performance boost was acconepldny reduced activation of the
ACC, the left dIPFC, and the left vVIPFC (Gold et 2D013). That bilinguals exhibit
better switching performance while simultaneousigaging to a lesser extent neural
resources involved in conflict detection (ACC) ardolution (left dIPFC and vIPFC)
suggests that their conflict monitoring system merefficient as a result of extensive
practice with language-switching.

Taken together, findings from bilingual languageed #éask-switching studies
support the conflict monitoring account of thejual advantage, because switching
engages the same regions that exhibit real-timeutattddns in neural activity during
conflict monitoring. The original conflict monitery theory (Botvinick et al., 1999,
2001) predicts behavioral and neural ‘conflict adépn’ effects: individuals are
better (i.e., faster and more accurate) at resglainurrent conflict if it occurs
immediately after another conflict than if it wast preceded by conflict (Botvinick
et al., 1999, 2001; Gratton, Coles, & Donchin, 199sperger, Bylsma, &

Botvinick, 2005); additionally, when participantso@unter randomly alternating
conflict and non-conflict trials, ACC activity is\eanced for initial conflict trials
relative to subsequent conflict trials, mimickinghlavioral conflict adaptation
(Botvinick et al., 1999; Botvinick, Cohen, & Cart@004). Interestingly, the ACC
may serve to detect initial conflicts and signglatinents in prefrontal control
regions. This notion is supported by the findingttACC activation in response to

initial conflicts positively correlates with fastand more accurate performance when
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resolving conflicts one trial later, as well aslwgrefrontal cognitive control
activation, particularly in the dIPFC (Kerns et @004). Ultimately, evidence from
conflict adaptation paradigms suggests that the AG&€prefrontal control regions
compose a neural conflict monitoring network whertkie ACC detects conflicts and
helps initiate engagement of cognitive control stimproving subsequent conflict
resolution performance (Kerns et al., 2004). Githentheory that bilinguals possess
better conflict monitoring abilities, it is importato investigate the neural system
underlying conflict monitoring in bilinguals.

Despite evidence that the bilingual advantage ney $rom improved
conflict monitoring abilities, no study to date lemsnpared conflict adaptation effects
in bilinguals and monolinguals, so it is unknownedlter bilinguals and monolinguals
exhibit differential real-time modulations in cogwe control. The Abutalebi et al.
(2012) study used traditional interference effectsnparing congruent and
incongruent trials, rather than conflict adaptatdiects to investigate the conflict
monitoring system. Because the ACC and associagftbptal control regions
respond differently depending on the preceding tyj@e (Botvinick et al., 1999,
2001; Kerns et al., 2004), it makes sense to exathi@ role of both preceding and
current trial types in activating the bilingual ¢iact monitoring network. If the
bilingual advantage reflects better conflict monitg, then bilinguals should exhibit
differential patterns of activation in the neurahflict monitoring network when
initially detecting conflict, relative to trials veine conflict detection is not necessary.
Changes in activation should correspond to betdiopnance either in detecting

conflict or in reactively adjusting cognitive cooltrecruitment.
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The goal of Experiment 3 was to investigate the-@aunderpinnings of
conflict monitoring in bilinguals compared to moimguals by using a conflict
adaptation paradigm. As discussed in earlier chgptieis paradigm can be used to
break-up conflict monitoring into its constitueminecponents because performance is
examined as a function of both preceding and cutrih type. Conflict detection is
indexed by performance on ClI trials, where paréioig encounter conflict that was
not immediately preceded by conflict. On such srigthey must detect the new
presence of incompatible representations and aetd@main-general cognitive
control resources to help override the irrelevard.dn contrast, on Il trials,
participants have already had to detect conflict @mgage cognitive control on the
preceding trial. Thus, Il trials index reactive @&tjments in cognitive control, as Il
performance should be better among individuals fMably increase recruitment of
cognitive control to a greater extent. In this mamihe processes underlying conflict
monitoring can be isolated and examined using témdlict adaptation paradigm.

| tested early Spanish-English bilinguals and Estginonolinguals on a color-
word Stroop containing the four conflict adaptatemmditions, CC, ClI, IC, and II.
Under the conflict monitoring theory, | hypothesizéat bilinguals should exhibit
better performance than monolinguals on ClI triedecting superior conflict
detection on new instances of incongruity, Il gjakflecting increased flexibility in
adjusting cognitive control, or both. Moreover régicted that bilinguals would
exhibit functional-anatomical differences compat@donolinguals in the neural
conflict monitoring system associated with theiighéened readiness for detecting

conflict and engaging control. In monolinguals,edibn of conflict is associated
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with increased ACC activity, while resolution beemecompeting representations
involves the vIPFC and dIPFC (Badre, Poldrack, fBagoev, Insler, & Wagner,
2005; Botvnick et al., 1999, 2001, 2004; Braveryiteds, & Donaldson, 2003;
January et al., 2009; Kerns et al., 2004; Koecl@®idy, & Kouneiher, 2003;
Thompson-Schill, D’Esposito, Aguirre, & Farah, 199/Mypothesize that, in
response to Cl and Il trials, bilinguals and mamglials will exhibit differential
activity in the ACC, vIPFC, and/or dIPFC, reflegihilinguals’ increased practice
with conflict monitoring. On these trials, bilingganay also recruit regions
particularly implicated in language-switching, ndyméhe left caudate (Abutalebi et
al., 2007, 2013; Crinion et al., 2006), to a greatg¢ent than monolinguals, reflecting
increased reliance on the switching mechanismsduilils use for routine language

use.

Method

Participants

Early Spanish-English bilinguals (n = 14; 7 female}l native English
monolinguals (n = 14; 8 female) were recruited fritn@ University of Maryland,
College Park community via flyers, e-mail adventsats, and the Maryland
Neuroimaging Center’s website. All participants &veght-handed, healthy young
adults between the ages of 18 and 35. Exclusiarégria included major hearing
loss, uncorrected vision impairment, color-blindndsown psychological or
neurological conditions, psychoactive medicatiam-nemovable ferromagnetic

bodily objects, and (in females) pregnancy. Indinald were also excluded if they did
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not meet the language criteria for either grougartsgh-English bilingual participants
were fluent in both Spanish and English, had hambsure to both languages prior to
age 10, and were not proficient in a third langy&geglish monolinguals were native
American-English speakers who did not speak andéimguage proficiently, had no
more than minimal exposure to another language priage 10, and had never been
immersed in a non-English speaking environmenafoextended period of time.
Two additional monolinguals participated but wexeleded from analyses because
they exhibited overall accuracy less than 75% {) er were undergoing working
memory training through another study (n = 1). iegudnts were offered either 1

course extra credit per hour or $10 per hour feirtparticipation.

Materials

During the fMRI scan, participants completed a coVord Stroop task
(Stroop, 1935) containing six lists of 64 trial€lkeaOf these, 28 were congruent trials
where the word meaning and font color were the s@®e&vere incongruent where
the word meaning and font color were different ce®land 8 were neutral trials
where the word meaning was unrelated to color. @tiwere presented in blue,
yellow, green, or red font colors, which correspeshtb response buttons held
underneath the left middle, left index, right indend right middle fingers,
respectively. The font colors were equally disttdzliacross the conditions to prevent
bias towards a particular response. The word megasmnncongruent trials was
always one of the possible response options (gklw, green, or red), and neutral

words were matched to the color words for frequearay length. Neutral trials were
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not of primary interest, but were included to reslpecedictability of the upcoming
trial.

Because conflict adaptation is assessed by botprdueding (congruent or
incongruent) and current trial type (congruentmmongruent), each run was
sequenced to contain 12 of each of the four prirsanditions of interest: preceding
congruent and current congruent trials (CC), prexgedongruent and current
incongruent trials (Cl), preceding incongruent andent congruent trials (IC), and
preceding incongruent and current incongruentstiiil). Thus, across all six lists,
there were 72 CC, 72 Cl, 72 IC, and 72 Il trialse Btimulus color was never
repeated on adjacent trials, thus eliminating ig@petpriming. The sequence of trials
was also restricted: the stimulus word on the mecgtrial was never the font color
on the subsequent trial. This was done to avoi@tmegpriming effects, where
individuals are slower to respond when the prewiodsstracting information
becomes the correct response on the next tridiapsrbecause they must reactivate
the previously suppressed information (Kane, Magsher, Rahhal, & Stoltzfus,
1997; May, Kane, & Hasher, 1995; Neill, 1977). Stinwere presented at three
different inter-stimulus intervals (ISIs), 3000,000 and 5000 ms, to estimate overlap
between the blood-oxygen-level-dependent (BOLD)oases associated with
adjacent stimulus events (Dale & Buckner, 1997 T®is were evenly distributed
across the conflict adaptation conditions, so tinate were 24 of each conflict

adaptation/ISI combination (4 per run).
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Participants also completed the language backgranddlemographic
guestionnaire used in Experiment 2 to obtain inftron about socio-economic

status, education, language proficiency, and typaceguage use (see Appendix A).

Procedure

Prior to the scan, participants provided informedsent and were given
verbal instructions regarding the procedure of3treop task. Instructions informed
them that they would see a series of color wordsgmted one at a time and that they
should indicate the font color of each word as kljyiand accurately as possible,
using the response buttons provided. They werethaitithey would first complete a
practice task with an answer key, during which tthney needed to learn which color
corresponded to which button, since the answemiayd not be provided after the
practice. Then, they would proceed to six runshafud six minutes each of the actual
task. Finally, they were informed of the importatetaying still for the duration of
the scan.

Participants were fully screened to ensure theydcsafely enter the magnet
room in accordance with University of Maryland IRBcedures. Following
screening, participants were situated in the 3T8ies scanner by an MR tech and an
experimenter, who verified that participants wesentortable and could view the
entire screen on which the task would be presemadicipants were given the four
response buttons, two in each hand, and directkddp their left middle, left index,
right index, and right middle fingers over eachtbnt

At the start of a localizer scan, participants wagsgructed to lie as still as

possible for the remainder of their time inside shanner. After the localizer,
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participants completed 40 practice trials of Stradple the high-resolution structural
images were collected. During the practice, an angwy with the four response
options and their corresponding colors was provalettie bottom of the screen. The
experimenter monitored accuracy during practiceetdfy that participants learned
the correct responses. Participants completedrdatipe at their own pace and were
instructed to lie still and wait for the experimenafter they had finished.

After a brief four-volume echo-planar imaging seera a gre-field mapping,
the six task runs were administered in one of tvaeis, which were counterbalanced
across participants—half the bilinguals and hadfmfonolinguals received each
order. Participants were asked if they had anytipresabout the task before they
began. Written instructions were provided at tlaetsif each run to remind
participants of the response mappings and to respsmuickly and accurately as
possible. Participant motion was monitored duriagherun, and they were reminded
to keep still following any runs in which they eklted sudden movements larger
than 1 mm. Following these six runs, diffusion-misnaging data were collected.

After the scan, participants moved to another ré@complete the
background questionnaire, which was administerdid@nia the Qualtrics survey

host website.

Image Acquisition

Imaging was conducted on a 3T Siemens scannerandt:channel head coil
at the Maryland Neuroimaging Center at Universiti¥aryland. Prior to the
functional scans, a high-resolution structural imags obtained for each subject

(MPRAGE, 192 slice T1-weighted image, TR = 1900 Wis= 2.32 ms, flip angle =
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9°, FOV = 230 mrfy matrix size = 256x256, TA = 4.43 min, resolutiof.9x0.9x0.9
mm). Functional imaging data were collected usimg@weent-related technique over 6
runs within a single session. For each run, 175levkiolume scans were acquired
over 5.93 minutes using an echo-planar imaging)(E&juence (36 interleaved
transversal slices, TR = 2000 ms, TE = 24 msdiigle = 70°, FOV = 192 min
matrix size = 64x64, slice thickness = 3.2 mm, vaxze = 3.0%3.0x3.2 mm). Within

each run, the EPI scans began 12 seconds befoapplearance of the first trial.

Image Processing

All data were processed and analyzed using SPM#ig8tal Parametric
Mapping; http://www.fil.ion.ucl.ac.uk/spm) runnirmgn Matlab 7.7.0. Functional
volumes were realigned to correct for head motipfirst co-registering the first
scan from each run to the first scan of the fustand then by realigning the images
to the mean functional image. The realigned imaga® then slice-time corrected
using sinc interpolation with the middle slice ¢slil8) as the reference. After co-
registering each subject’'s anatomical image tartean functional image, the
anatomical image was segmented by tissue typet¢éondme parameters for spatial
normalization. Using these parameters, the reatigsiece-time corrected functional
images were normalized via trilinear interpolattorfit the MNI (Montreal
Neurological Institute) template. Finally, imagesressmoothed using an 8 mm full-
width at half-maximum (FWHM) Gaussian kernel.

Statistical analyses were computed at the subgeet-using a general linear
model with 10 predictors: filler (the first triaf each run), CC, CI, CN, IC, II, IN,

NC, NI, and incorrect trials. Thus, nine predictoosresponded to the possible trial

59



types, as determined by both preceding and cutri@htongruency, and included

only correct trials, and the tenth predictor in@ddall incorrect trials. Responses were
modeled as the convolution between a series of lsedelta) functions representing
each stimulus onset and the canonical hemodynasponse function. The contrast

images from each subject were used as input tqpglenel analyses.

Results

Accuracy

Accuracy data were submitted to a 2 x 2 x 2 mix@QVA with language
group (bilingual, monolingual) as a between-sulgjeetriable and preceding
(congruent, incongruent) and current (congruempmgruent) trial types as within-
subjects variables. This revealed a significantmediiect of preceding trial typé(1,
26) = 17.45p < .001), indicating that participants were lessuaate following
congruent trialsNl = .92,SE= .01) than following incongruent trialsi(= .94,SE=
.01). A significant main effect of current trialpy (1, 26) = 10.94p < .01)
demonstrated that participants were less accuratecongruent trialsM = .92,SE=
.01) than on congruent trials1(= .95,SE= .01), replicating the standard conflict
effect. Finally, there was also a marginal precgdiial by language group
interaction E(1, 26) = 3.85p = .06). No other main effects or interactions
approached significanceq > .39).

To explore the preceding trial by language groupraction, | conducted
post-hoc pair-wise comparisons with a Bonferromr@tted alpha-threshold of .0125.

Independent-samples t-tests found that bilinguasdt significantly differ from
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monolinguals in accuracy when the preceding triad wongruentt(26) = 1.14p =
.27; BF = 0.63) or incongruen{26) = 0.34p = .74; BF = 0.37). However, paired-
samples t-tests revealed that whereas monolingualibited significantly lower
accuracy(13) = -3.21p < .01; BF = 10.71) following congruent than incaungnt
trials, bilinguals exhibited equivalent accurat{t8) = -1.32p = .21; BF = 0.59)
following congruent and incongruent trials (see[&at).

Table 4

Mean Proportion Correct (and Standard Error) by lgarage Group and Preceding
Trial Type

Preceding Trial Type

Language group

Congruent Incongruent
Bilingual .94 (.01) .94 (.01)
Monolingual .91 (.02) .94 (.01)

Thus, preceding trial type affected accuracy in atiaguals but not in
bilinguals. An inspection of Figure 5 suggests that effect is primarily driven by
monolinguals’ relatively poor performance on Calsi Indeed, both language groups
exhibited accuracy rates higher than 92% on all types, except that monolinguals
responded correctly for only 89% of Cl trials. Thesult suggests that monolinguals
have difficulty resolving conflict on initial condlt trials when they have the added
demand of detecting the presence of conflict. Imi@st, bilingual accuracy does not

appear to be hindered by conflict detection.
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Figure 5.Proportion correct for bilinguals and monolingudly conflict adaptation conditiorCC:
preceding congruent, current congruent. Cl: pregedongruent, current incongruent. IC: preceding
incongruent, current congruent. Il: preceding irgroient, current incongruent.

Reaction Time

Reaction time (RT) analyses were conducted on cotrials only, since
incorrect trials may involve separate underlyinggasses. To reduce the influence of
outliers, | reset the value of RTs for trials thesre more than 2.5 standard deviations
beyond each subject’'s mean RT to the 2.5 standavidttbn threshold value. A 2 x 2
x 2 mixed ANOVA with language group as a betweebjestts factor and preceding
and current trial types as within-subjects factessealed a significant main effect of
current trial type (1, 26) = 64.16p < .001) on RT. No other main effects or
interactions were significanpg > .11). See Table 5 for a report of the mean and

standard error of RTs in each condition.
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Table 5

Mean RT (and Standard Error) by Language Group @odflict Adaptation
Condition

Language group Preceding Congruent Preceding Incongruent
CcC Cl IC Il

Bilinguals 696.41 (32.78)  788.02 (43.66) 710.37.60) 785.26 (44.62)

Monolinguals 632.72 (24.62)  696.66 (27.78) 6372B38) 696.05 (31.70)

Note.CC: preceding congruent, current congruent. Giceding congruent, current incongruent. I1C:
preceding incongruent, current congruent. |l: pdéag incongruent, current incongruent.

Thus, subjects were slower at responding on ineeery trials 1 = 746.26,
SE= 26.68) than on congruent triald € 670.77 SE= 23.10), replicating the classic
Stroop conflict effect. However, | did not obserrgy significant RT differences

between the language groups.

fMRI Results

To investigate the neural activity associated wh#hdetection of conflict, |
examined event-related BOLD activation in respdnsgl trials relative to Il trials in
bilinguals and monolinguals. Acontrast comparing CI to Il trials was computed fo
each subject and then submitted to group levelyaral First, a whole-brain analysis
with a minimum cluster threshold of 5 voxels foe @@I>1l contrast was conducted
separately for bilinguals and monolinguals to exarihe networks involved in

conflict detection in each language group.
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Table 6

Regions of Activation for CI>Il by Language Group

Regions of activation [X,vY, z] t-value
Bilinguals

PFC

L. anterior VIPFC (BA47) [-32, 22, -14] 4.47

R. VIPFC (BA45) [54, 28, 30] 3.92

R. vIPFC (BA44) [58, 20, 30] 3.88

R. insula [30, 16, -12] 4.25

Medial PFC

R. anterior mid-cingulate [8, -10, 32] 4.85

R. SMA (BA32) [10, 24, 48] 3.96

R. superior orbital frontal [18, 48, -14] 3.89

Parietal lobe

L. precuneus (BA7) [-8, -72, 38] 3.85

Temporal lobe

R. inferior temporal gyrus (BA20) [58, -26, -20] 42,

R. middle temporal gyrus [50, -44, 8] 4.08

Cerebellum

L. anterior cerebellum [-10, -28, -18] 3.78

R. anterior cerebellum [10, -38, -18] 4.69
Monolinguals

PFC

L. precentral (BA6) [-42, -4, 38] 5.28

R. precentral (BA9) [46, 6, 38] 4.58

R. primary motor cortex (BA4) [38, -18, 56] 4.52

Medial PFC

L. anterior cingulate [-10, 8, 40] 4.19

L. SMA (BA32) [-6, 4, 46] 4.94

R. anterior cingulate [8, 8, 32] 411

R. SMA (BA24) [6, 2, 48] 4.89

Parietal lobe

L. inferior parietal [-42, -36, 44] 4.69

R. postcentral gyrus (BA3) [42, -24, 42] 4.34

Sub-cortical

R. caudate head [10, 10, 6] 3.95

Note MNI coordinates for the peak activation in ealtfster are reporteg(< .0001, uncorrected).
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As reported in Table 6, bilinguals exhibited sigrahtly increased prefrontal
activity (p <.0001, uncorrected) for CI>Il in the left antervIPFC (BA47), right
VIPFC (BA44/45), right insula, right anterior mighgulate, right supplementary
motor area (SMA; BA32), and right superior orbitaintal cortex. They also
exhibited significantly increased activity in tredtlprecuneus (BA7), right middle
and inferior temporal gyri, and bilaterally in theterior cerebellum (see Table 6;
Figure 6). There were no regions where bilingualslated significantly decreased
activation for Cl relative to Il trial sequencesrfhe same CI>II contrast,
monolinguals exhibited significant increases infianatal activity p < .001,
uncorrected) in the left and right precentral co(@A6; BA9), right primary motor
cortex (BA4), and bilaterally in the anterior cihgie and SMA (BA32; BA24). They
also demonstrated significantly increased activitthe left inferior parietal lobule,
right post-central gyrus (BA3), and the head ofright caudate (see Table 6; Figure
6). There were no regions where monolinguals hguifstant decreases in activation

for Cl relative to Il trial sequences.
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Figure 6.Significant activation for CI-Il (p <.001, uncorceed) in each language grou@®)
Bilinguals demonstrate significantly increased\attiin the L. anterior VIPFC, R. VIPFC, R. insuR,
inferior and middle temporal lobe, R. SMA, and Rteior mid-cingulate(B) Monolinguals
demonstrate significantly increased activity in thgrecentral cortex, L. and R. anterior cingulanel
SMA, R. precentral cortex, R. primary motor cortBx post-central gyrus, and R. caudate.

To examine the effect of language group on condletection, | conducted a
two-samplé-test comparing the CI>II effect in bilinguals am@nolinguals. As can
be seen in Figure 7, a whole-brain analysis wilvaxel minimum cluster threshold
revealed that bilinguals had greater activationGbrll than monolingualsp(< .001,
uncorrected) in the left caudate [-6, 18, 14], &fterior VIPFC (BA47; [-34, 24, -
12]), and right superior temporal pole [42, 10,];2¢hereas monolinguals had greater
activation than bilingualg(< .001, uncorrected) in the left precentral gyiB&6; [-
42, -4, 36]). To better understand the pattern®piehg these group differences, |
defined functional regions-of-interest (ROIs) froime voxels activated above
threshold p < .001, uncorrected) by the CI>II contrast forriglals relative to

monolinguals and vice versa. Then, mean beta etsweere computed separately
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for Cl trials and Il trials in these ROlIs for eagtoup (see Table 7). This calculation
helps determine whether observed CI>Il activat@msdue to increased positive

activation on CI relative to Il trials or decreasexjative activation (i.e., decreased

suppression) on ClI relative to Il trials.
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Figure 7.Significant group differences in activation for Tp < .001, uncorrected)A) Bilinguals
demonstrate increased activity in the left antevlBC relative to monolinguals (purpléR)
Monolinguals demonstrate increased activity inléfeprecentral cortex (BA6) relative to bilinguals
(red).(C) Mean beta values for CI-ll in bilinguals and manguals for all regions demonstrating
significant group differences (p < .0001. Errordeepresent standard error. L. caud = left caudate;
ant vIPFC = left anterior VIPFC; R. stp = right stipr temporal pole; L. pc = left precentral.
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As can be seen in Table 7, monolinguals exhibitedeiased positive
activation in the left precentral cortex on Cl tela to Il trials, reflecting greater
recruitment of these regions during conflict datectin contrast, bilinguals’
activation did not change across Cl and Il trialghis region, indicating that they do
not recruit the left precentral cortex for conflitection. Both groups showed
negative activation in the left caudate; howevesnoilinguals exhibited more
suppression for ClI relative to Il trials, wheredsguals demonstrated the reverse
pattern. A similar pattern emerged in the rightesigr temporal pole, where
monolinguals exhibited greater suppression foreldtive to 1l trials, but bilinguals
suppressed this region for Il relative to CI tridl&is indicates that bilinguals and
monolinguals may both suppress the left caudateightisuperior temporal pole
during conflict monitoring, but at different stag@sth bilingual suppression
increasingfrom CI to Il trials and monolingual suppressigcreasingrom Cl to |l
trials. Finally, while bilinguals demonstrated iaased suppression of the left anterior
VIPFC on Il versus CI trials, monolinguals showedigalent levels of negative

activation during Cl and Il trials.
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Table 7

Mean Beta Values (and Standard Error) for BOLD atgion Cl and Il trials in
ROIs

Language group Cl Trial Type T
Left caudate
Bilingual -2.65 (0.93) -3.52 (0.84)
Monolingual -2.78 (0.79) -1.99 (0.95)
Left anterior VIPFC

Bilingual -0.28 (1.46) -3.50 (1.72)
Monolingual -4.97 (2.77) -4.43 (2.36)

Right superior temporal pole
Bilingual -8.16 (2.52) -11.95 (2.51)
Monolingual -6.63 (2.94) -3.45 (2.78)

Left precentral cortex

Bilingual 4.16 (1.55) 3.94 (1.50)
Monolingual 6.28 (1.45) 4.41 (1.46)

Discussion

Coupling the behavioral and brain-activation ddtase results generally
support the conflict monitoring account of the mgjual advantage. As predicted,
bilinguals and monolinguals differed in their cactfldetection abilities. Specifically,
monolinguals had poorer accuracy after congruadstthan after incongruent trials,
whereas bilinguals exhibited equally good accuetsr both trial types.
Monolinguals may have relative difficulty with tieenflict detection stage of conflict
monitoring, but achieve better performance afteflod detection by reactively
recruiting cognitive control; bilinguals, in constaappear to be prepared to resolve
both initial and subsequent conflicts proactivelyggesting superior conflict
detection.

Bilinguals and monolinguals also demonstrated ckfié patterns of neural

activation for initial conflict trials relative teubsequent conflict trials, providing

69



potential mechanisms for bilinguals’ apparently roy@d conflict detection.
Monolinguals, but not bilinguals, recruit the lpfecentral cortex (BA6) during
conflict detection, perhaps reflecting increaseuffloct experienced by monolinguals
on these trials. Indeed, this region, also knowthagre-premotor cortex, is typically
activated when different perceptual features cpord to incompatible responses,
with activation increasing as the number of relévVaatures, and thus competition,
increases (Badre & D’Esposito, 2007; Koechlin & Suenfield, 2007). In other
words, this portion of BA6 seems to respond to kairibetween mental
representations, such as deciding whether the pofigleie” or “red” is more

relevant when presented with the word “blue” wntte red ink. In the present study,
monolinguals recruited this region during confligttection to a greater extent than
bilinguals while simultaneously demonstrating nelelly poorer accuracy on trials
requiring conflict detection. Note that since th@lBD signal was examined for
correct trials only, this result indicates diffetiahactivation between the language
groups during successful conflict resolution. Thasnolinguals’ increased
engagement of the left precentral cortex may reflegreater expenditure of effort to
resolve competition between features.

Conflict-detection-related activity was greatebihnguals than monolinguals
in the left caudate. Interestingly, the left caedatalso engaged by switching
languages during production, particularly for si#hat externally cue a language-
switch compared to trials that cue the languageadly-in-use (Abutalebi et al., 2012;
2013). In monolinguals, intraoperative stimulatafrthe dominant-hemisphere

caudate during picture-naming induces repetitiothefprevious item name,
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suggesting that the caudate is involved in inmbiiforeviously relevant
representations (Robles, Gatignol, Capelle, Mitgi&eDuffau, 2005). The role of

this region in language-switching coupled withrékatively increased recruitment by
bilinguals suggests that bilinguals may rely onrikaral system underlying
language-switching to enact conflict detection.i&ede on this practiced network
may enable better conflict resolution upon first@mtering conflicts, as bilinguals
achieved equivalently high accuracy on CI andidldgr If the left caudate is indeed
responsible for inhibiting previously relevant repentations, it may help implement
both language-switching and conflict detectionlaimguage-switching, the caudate
may inhibit representations from the previouslgvaint language, whereas in conflict
detection, the caudate may help inhibit attentmthe word meaning (which is
potentially relevant on a previous non-conflicakyi Importantly, whereas bilinguals
exhibitedincreasedactivation for Cl relative to Il trials in the letaudate,
monolinguals exhibitedecreasedctivation for the same contrast. This may indicat
that bilinguals and monolinguals are engaging ¢ftecudate at different times,
reflecting proactive control in bilinguals (demaagéd by successful performance on
initial conflicts) and reactive control in monolmgls (demonstrated by more
successful performance on subsequent conflicts).

Bilinguals also recruited the right superior tenglquole for conflict detection
to a greater extent than monolinguals. Specificallyereas monolinguals reactivated
the right superior temporal pole on Il trials retatto CI trials, bilinguals showed the
reverse pattern. This region is considered to Ioegbahe “salience network,” which

is responsible for orienting towards novel evemid @ngaging cognitive control
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(Tian, Qin, Liu, Jiang, & Yu, 2013), and damagetHis region produces deficits in
disengaging attention (Gandola et al., 2013). Bu@ls’ suppression of this region
following conflict detection suggests that theyeotied to the conflict on the initial
conflict trial; in contrast, monolinguals seem enwbnstrate orientation to conflict
later in the trial sequence, activating this regiwore strongly on subsequent conflict
trials.

Finally, bilinguals demonstrated increased conflietection-related activity
relative to monolinguals in the left anterior vIPR&ere, monolinguals exhibited
more suppression of the left anterior vIPFC thdimdpuals on CI trials, but whereas
monolinguals’ suppression remained constant acZbssd Il trials, bilinguals’
deactivate this region on Il relative to ClI trialdis finding implicates the left
anterior VIPFC in bilinguals’ relatively superiaordlict detection, because
monolinguals but not bilinguals suppress this ae&l trials. According to Badre
and colleagues (2005), this region is responsinéhie controlled retrieval of
semantic information in situations when environraénties are insufficient to
support retrieval. In other words, the left anteki®FC comes online to facilitate
retrieval when the association between externa enel semantic knowledge is
relatively weak. This region has also been impédah the maintenance and retrieval
of task goals, as it is engaged by multidimensistiatuli associated with multiple
response rules (Crone, Wendelken, Donohue, & Buz@@s). In the present study,
the association between the font color and thevaelecolor representation, as well as
the task goal to respond to the font color, mayebetively weak on CI trials because

the previous trial did not require participantateess the font color representation to
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respond correctly. Thus, on Cl trials, perceptuascfrom the font color may be
insufficient to retrieve the appropriate color reggntation and response rule. The
finding that bilinguals have greater left antenti?FC activation than monolinguals
on these trials may indicate that bilinguals aiegifop-down control to retrieve the
goal-relevant information, leading to their incre@siccuracy following congruent
trials. Importantly, bilinguals employ this contialiring initial conflict detection,
again suggesting that they proactively preparatalle potential information
conflicts.

One question raised by the present results is Wimgbals’ improved conflict
detection was associated wititreasedather thamecreasedecruitment of the left
caudate, the left anterior vVIPFC, and the rightesigp temporal pole, relative to
monolinguals. This result is potentially inconsmteith previous evidence showing
that bilinguals’ reduced cost in task-switching @asociated with decreased
activation in cognitive control regions (Gold et &013). However, these apparently
contradictory findings come from different age grspuwhich may impact the
relationship between functional activation and pemfance. Indeed, prior research
has observed an interaction between the effeag®find executive function
demands on neural activity in the bilateral vIPF@ dIPFC, such that in young
adults, activity increased as goal-maintenancesaifing demands increased, but in
older adults, this pattern reversed (Hagen eR@l4). Moreover, the relationship
between activation in the right vIPFC and perforoegan the executive function task
changed as a function of age (Hagen et al., 20143. suggests that the patterns of

neural activity that subserve cognitive processag anange with age, meaning that
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the relationship between activation and performamceognitive control tasks is not
necessarily expected to be the same in youngeolded adults.

The present results suggest that bilinguals enpnaeced conflict detection
abilities, perhaps as a result of increased refiammcthe neural resources involved in
language-switching, namely, the left caudate. Ha@tesonclusions regarding the
overlap between the mechanisms underlying langsagtehing and conflict
detection are limited in the present study, whichrebt attempt to co-localize
activation related to both conflict detection aadduage-switching. Future studies
should examine both procedures within the samepgodisubjects to determine
whether they actually engage overlapping regiorsodex.

| observed a bilingual advantage in the confletedtion stage of conflict
monitoring. This finding supports the conflict mtmring account of the bilingual
advantage and opens the door to future researchiexg online regulation of
cognitive control in bilinguals and monolingualsoMover, bilinguals exhibited
differential patterns of neural activation in regganvolved in conflict control,
including increased activation of the left antent?FC and decreased activation of
the left precentral cortex. This, coupled withigiuals’ increased recruitment of the
left caudate during conflict detection, supports ihea that practice switching
between languages improves conflict monitoringilimguals, because it
demonstrates that bilinguals employ similar netgaburces for language-switching
and conflict detection. Interestingly, monolingualdibited greater activity for
subsequenthaninitial conflicts in the left caudate, whereas bilingusiswed the

reverse pattern, suggesting that monolinguals dimdjbals may be recruiting
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cognitive control at different times, with bilinggaengaging it proactively and
monolinguals reactively. Additionally, during coicfl detection, bilinguals but not
monolinguals proactively engaged the left antevlBf=C, which may be involved in
retrieval of task-relevant information. Taken tdget these results support the notion
that life-long bilingualism may act as a naturaisbrm of cognitive control training,
increasing the ability to monitor input for confliend the readiness to resolve new or
unexpected conflicts.

Interestingly, bilinguals’ apparent behavioral atkege in conflict detection
in Experiment 3 paralleled the advantage foundxpdéiment 2. In both experiments,
bilinguals exhibited equivalently high accuracyaetjess of preceding trial type,
whereas monolinguals’ accuracy declined followinggruent trials, suggesting that
monolinguals have difficulty detecting initial cdicfs. This replication is especially
noteworthy given the many methodological differenbetween the two experiments.

The conflict adaptation paradigm used in Experingimt many ways placed a
greater demand on cognitive resources than théoweused in Experiment 2. First,
Experiment 3 was conducted in an MR-environment w@ntinuous scanner noise.
Another side effect of the MR-environment is thansilus presentation was jittered
in Experiment 3, but constant in Experiment 2. Thesy have reduced the
predictability of when stimuli would occur. Finallgxperiment 3 had four possible
response options and only contained response-itgials, whereas Experiment 2
only had three response options and containedrbsffonse-eligible and ineligible
trials. Thus, participants in Experiment 3 had tmmtain more color-response

associations in memory, while having to resolvergger conflicts (as response-
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eligible trials typically induce greater conflit¢tan response-ineligible trials; Milham
et al., 2001, 2003). Despite these differencexpeemental paradigms, bilinguals
remained unaffected by preceding trial type in theriments, whereas
monolinguals’ accuracy was degraded following caegt trials in both experiments.

Although the bilingual advantage appeared to becsigke for conflict
detection in Experiments 2 and 3, these resultsod@reclude the possibility that
bilinguals also possess an advantage in adapilsting cognitive control.
Bilinguals and monolinguals both performed nealirggiover 90% correct) on Il
trials; thus, it may not be possible to observdiagual advantage in conflict
adaptation in the present paradigm. Indeed, cediferts are a common obstacle for
studies investigating the bilingual advantage,exfopmance on the cognitive control
tasks typically used to assess it can be quite (sgh e.g., Bialystok et al., 2004). A
challenge for future research is therefore to erarbilinguals’ and monolinguals’
conflict monitoring abilities on more difficult cogive control tasks.

One of the aims of Experiment 4 was to investiglagerobustness of the
effect of bilingualism on conflict monitoring by ohg just this. Experiment 4
compares performance of bilinguals and monolingaala two difficult tasks that
require frequent conflict detection: a recognitroamory task involving conflict on
“lure” items that had been seen recently but astdvant to the current memory
judgment and a sentence processing task involdogvery from misinterpretation
on temporarily ambiguous sentences. Importantlg,gtudy also extends the
investigation of the bilingual advantage to lingigisasks. Most demonstrations of

the bilingual advantage in cognitive control hagedinon-linguistic tasks (e.qg.,
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Flanker, Simon). These findings are compelling singigest that the bilingual
advantage is domain-general, but it is importarghiow that the advantage also
emerges with linguistic material, because the elfiegpurce of the advantage is
bilinguals’ systematic control of two language syss. As described previously, a
growing body of literature demonstrates that sytitaaambiguity resolution relies on
the same cognitive control resources as non-syateantflict resolution (January et
al., 2009; Novick et al., 2005; 2009; 2013). IndeadChapter 2, | showed that
processing syntactic ambiguity resulted in fastef more accurate conflict resolution
on subsequent trials, indicating that the domaimega conflict monitoring system
applies to the syntactic domain. Thus, if biliniguaave an advantage in conflict
monitoring, it is expected to transfer to sentgm@Eessing when a subset of

sentences contain temporary syntactic ambiguities.
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Chapter 5;: Experimenf4

Overview

Despite the evidence (Bialystok, 2010; Bialystoklet2004, 2009; Costa et
al., 2008, 2009; Hernandez et al., 2010; MartindR&eBialystok, 2008; but see also
Hilchey & Klein, 2011; Paap & Greenberg, 2013) supipg a bilingual advantage in
conflict monitoring, there are still several unaesad questions regarding the nature,
specificity, and extent of this advantage. In gartar, few studies have examined
whether the bilingual advantage cascades into Eggprocessing. As the supposed
source of bilinguals’ cognitive advantage is thstegnatic control of two languages,
these benefits should transfer to the linguistimdm. It is also unclear how robust
the bilingual advantage is to changing task demaegjfsecially given reports of a
lack of uniformity in cross-task bilingual performze: Does the advantage emerge
consistently across tasks tapping shared cogrowérol functions? Do
monolinguals ‘catch up’ to bilinguals during cogwet control practice? Experiment 4
aims to address these issues by testing whethihyegoung adult bilinguals
outperform monolinguals on a reading task involvéggtactic ambiguity

resolution—a cognitive control task in the lingiasiomain—both before and after

® Portions of this work have been submitted for fmattion and are currently under review (Teubner-
Rhodes, S., Mishler, A., Corbett, R., Andreu, lan&Torrent, M., Trueswell, J., & Novick, J. The
bilingual advantage: Conflict monitoring, cognitigentrol, and garden-path recovedgurnal of
Memory and Languagge.
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brief practice with a recognition-memory task ttregoretically taps shared conflict-

resolution functions.

How Robust is the Bilingual Advantage?

Inconsistencies across the bilingualism literattakinto question the
robustness of the effect of bilingualism on cogmitcontrol. One problem is that
monolinguals often ‘catch up’ to bilinguals wittsaall amount of practice (see e.g.,
Bialystok et al., 2004; Costa et al., 2009). If @@ssion of practice on the Simon task
is equivalent to a lifetime of bilingual languageerience, then the effect of
bilingualism on cognitive control seems rather wegerhaps bilinguals reach a limit
on cognitive control capacity and are unable torowp further. Yet accuracy on
typical cognitive control tasks (e.g., Simon, Flanks quite high (e.g., greater than
97%:; Bialystok et al., 2004); it may be impossituebserve continued
improvements because bilinguals are already anhgeilhe current study aims to
determine whether monolinguals and bilinguals bieddferentially from cognitive
control practice by administering tasks with idlgidow performance, allowing for
greater practice-related changes.

Another issue is that a bilingual advantage is nleskin some experiments
but not in others, with no apparent pattern tgnta-)occurrence (Hilchey & Klein,
2011; Paap & Greenberg, 2013). Indeed, Paap arehGeeg (2013) assessed the
stability of bilingual benefits by administeringtvin-subjects a variety of executive
function tasks (Simon, Flanker, Antisaccade, RaRmagressive Matrices, and
Color-Shape Switching) to healthy young monolinguaid bilinguals. As often as

not, bilinguals exhibited a nomindisadvantageelative to monolinguals. The
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authors acknowledged, however, that correlationsden these different tasks are
rather weak; thus, the inconsistency in bilinguaifgrmance may have been because
the tasks largely assessed different componerggemfutive control. A current
challenge for bilingual research is to demonstiiaé a bilingual advantage occurs
consistently across tasks that tap a common cegrabntrol resource. To this end, |
test whether bilingual benefits manifest in senéemiocessing when conflict
monitoring demands are high, and if this perforneacen be tied to conflict-

monitoring abilities in a non-syntactic domain.

Do the Effects of Bilingualism Cascade into On-IBentence Processing?

Surprisingly, most investigations of bilingualisn@8ects on cognitive control
have been limited to non-linguistic tasks. If colied use of two languages enhances
cognitive control, then bilingualism must impactduistic cognitive control
performance as well. One difficulty with testingstis that bilinguals exhib&lower
lexical access in each of their languages (GoNémtoya, Cera, & Sandoval, 2008;
lvanova & Costa, 2008; Sandoval, Gollan, Ferrdir&almon, 2010), perhaps
reflecting increased competition across two camstit lexicons. Yet little is known
about the effects of bilingualism on sentence Bsicg after lexical access has
occurred. If bilingualism improves conflict momitog, then | believe that—despite
their apparent disadvantages in lexical accessHghilils should enjoy a sentence
processing advantage when monitoring demands ghe-mamely, when the
environment necessitates checking for syntactidlicoand potentially frequent

misinterpretation.
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This prediction stems directly from evidence thetgral-purpose cognitive
control functions deploy under language processorglitions involving ambiguity
(January et al., 2009; Novick et al., 2005, 2008;&Zhou, 2009). In particular,
during sentence processing, parsers may recruititteg control to revise
misinterpretations that arise when multiple, canifig evidential sources lead them
to an incorrect syntactic analysis (Novick et 2005). According to constraint-based
models of parsing, as readers and listeners peragput, they rapidly consult
multiple, probabilistic sources of information (g.lgxico-syntactic cues and visual
context) to make real-time predictions about sezgeneaning (MacDonald,
Pearlmutter, & Seidenberg, 1994; Tanenhaus, Sgireywlton, Eberhard, & Sedivy,
1995; Trueswell, Tanenhaus, & Garnsey, 1994). Istrnases, these evidential
sources converge and the initially favored partenately turns out to be correct.
Such sentences should not require conflict reswiugiven if other parses were
initially available, but disfavored. Sometimes, lemer, the parser’s early
interpretation conflicts with evidence that arrivater on, which can result in
processing difficulty (known as the “garden-patfeet’). This forces parsers to
resolve the conflict and revise their incorrectlgsia. Under such conditions,
cognitive control may serve to rein-in initial rmgerpretations and recover the
intended meaning (Novick et al., 2005; Ye & Zho002). Accordingly, if
bilingualism enhances cognitive control resourtiesn it should also improve
performance on sentence processing tasks invodyintactic ambiguity.

But how exactly should the effects of bilingualismanifest in syntactic

ambiguity resolution? We consider this questiomi@w of bilinguals’ apparent
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conflict monitoring advantages on non-linguistisks (Costa et al., 2009; Hilchey &
Klein, 2011). Parsers routinely use multiple evithay sources to assign meaning,
but only seem to rely on cognitive control for agumus sentences invoking
competing interpretations (January et al., 2009itloet al., 2009). Typical
language contexts often contain ambiguand unambiguous sentences, so parsers
must constantly look out for contradictions betwéwsgir initial interpretation and
subsequent input as they cannot know in advance wWiagr initial parse will turn out
to be wrong. If bilinguals are better at conflicbmitoring, then they should be better
at detecting ambiguities and recruiting cognitieatcol to revise misinterpretations,
but also at using converging information sourcesfticiently arrive at the correct
interpretation in unambiguous sentences. Thugdukls should outperform
monolinguals on ambiguo@ndunambiguous sentences in linguistic environments
that contain both—that is, under conditions whezythave to monitor for potential
misinterpretations.

Relatively few studies have examined the effectsilafgualism on sentence
processing. An important exception, however, ign@astigation of auditory sentence
comprehension in bilinguals and monolinguals, whamd that bilinguals had
higher comprehension accuracy than monolingual$asget” sentences with
atypical word orders, but only when they had toignsimultaneously-presented
“distracter” sentences (Filippi, Leech, Thomas, &b Dick, 2012). This result
suggests that bilinguals are better at suppressiagering linguistic information
than monolinguals. However, the bilinguals in ttisdy had primarily acquired their

second language after age 10—it is plausible thanthey became fluent in a second
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languagebecausdhey possessed superior linguistic (or cognitmetiml) abilities.
Moreover, because the distracter sentences alveaya different word order than the
target sentences, participants might fail to undesthe targets simply by mixing-up
distracter and target information. It remains utaarwhether bilingualism actually
improves parsing abilities—in the present studysiog abilities are investigated in
early bilinguals who acquired both their languagesr to age 10. It is unlikely that
such individuals become bilingual as a result @esior cognitive control, because,
by and large, they learn two languages becausegasicular environmental
circumstance involves simultaneous (or nearly siamdous) input of two language
systems.

Experiment 4 addressed three open questions inilthgualism literature.
First, do the effects of bilingualism on cognitisentrol emerge consistently across
different tasks with shared conflicésolution demands? Second, does practice on a
cognitive control task benefit bilinguals and monguals differentially? Finally,

does bilingualism affect sentence processing win@mguity/conflict is present?

Study Overview

| tested Spanish-Catalan bilinguals and Spanishoiimguals on a reading
task involving temporary syntactic ambiguity botfdre and after practice on either
a high- or no-conflict version of an N-back recdgm-memory task (where N is 3;
see Figure 8 for a study-design schematic). Fosistancy, the entire experiment
was conducted in Spanish for both language grolipes pretest/posttest design
allowed a comparison of baseline sentence proagssitities and the effects of

cognitive control practice in bilinguals and momngiuals. It also allowed me to test
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whether the effect of bilingualism emerges consityeacross ostensibly distinct

cognitive control tasks that nevertheless sharedeel to detect information-conflict.

3-back task
Pretest Posttest
Block1 Block 2 Block 3
g ™ r I
High-conflict
N-back
Sentence \ Sentence
Processing e Processing
Task Task
MNo-conflict
N-back
\. \. Y,

Figure 8. Schematic of the study desiarticipants completed a sentence-processing &fskeband
after performing either a high- or no-conflict viers of the N-back task. Both N-back versions are
depicted: while the no-conflict task (bottom parmiptained only target trials that were 3-back
matches and non-target trials that had not appdmfede, the high-conflict task (top panel) also
included lure trials, items that had appeared leelfait not in the target 3-back position, thus tagpi
conflict detection between highly familiar but ntarget stimuli. For instance, in the high-confligsk,
the second “calidad” is a lure, because it matthestem that had occurred 2 (rather than 3) items
previously. In contrast, the same item appearstasyat, or 3-back match, in the no-conflict task,
which did not include any lures.

| specifically chose recognition-memory and senégoarsing tasks because
they appear to recruit a common cognitive contrethanism (Novick et al., 2005).
In this study’s version of the N-back task, sulgedew single words presented in
sequence and identify whether the current word hestthe one shown three trials

back. The high-conflict N-back includéares stimuli that induce a familiarity bias
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and require cognitive control to arrive at the eotrposition-based response
(Burgess, Gray, Conway, & Braver, 2011). In corttrdee no-conflict version omits
lure trials, so successful performance only reguiegognition memory.

The high-conflict N-back is demanding and captumessidual differences in
performance on other cognitive control tasks, tikarix reasoning (Jaeggi,
Buschkeuhl, Jonides, & Perrig, 2008). Cruciallyhdaoral improvements during
long-term training on this task predict gains imdgan-path recovery (Novick,
Hussey, Teubner-Rhodes, Harbison, & Bunting, 20M®yeover, conflict trials on
N-back and other, similar recognition-memory ta@ksy, Chabris, & Braver, 2003;
Jonides & Nee, 2006) activate the same neural ne@s syntactic ambiguity
resolution and prototypical conflict-control tasike Stroop (January et al., 2009; Ye
& Zhou, 2009). Thus, the high- but not the no-cmhiN-back engages cognitive
control resources that are also recruited whengsing garden-path sentences.

My predictions were as follows. First, | hypothesizhat performance on N-
back would correlate with sentence processing pedace, reflecting shared
variance in subjects’ cognitive control abiliti€&econd, | hypothesized that bilinguals
would outperform monolinguals on the sentence msiog and the high-conflict N-
back tasks: bilinguals should be faster and mocarate than monolinguals on both
conflict (ambiguous sentences and lures on N-bae#)non-conflict (unambiguous
and filler sentences and non-lures on N-back) tyia¢s. However, on the no-conflict
N-back task, where conflict monitoring is unnecegsbpredicted that bilinguals and
monolinguals would perform equivalently. Additiolyalbecause only the high-

conflict N-back group practiced implementing cogtcontrol, | expected that
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improvements in syntactic ambiguity resolution frpmetest to posttest would be
mediated by N-back task version, such that pagitiin the high-conflict group
would show greater improvements than those in theamflict group. Finally, |
predicted thaboth bilinguals and monolinguals should benefit fronebcognitive
control practice on the high-conflict N-back. Sgheailly, because bilinguals should
not start at ceiling on this task (average accuiatypically between 60 and 70%;
see Kane, Conway, Miura, & Colflesh, 2007), they expected to improve with
practice, preventing monolinguals from ‘catching’ ipdeed, if bilinguals have
superior conflict monitoring, then they may achigveater gains than monolinguals,

due to more flexible adjustments in cognitive cohtr

Method

Participants

Participants included healthy adult balanced Spa@@talan bilinguals
(N=59; 7 males; Mye=20.78, S[ye=3.38) and Spanish monolinguals (N=51; 12
males; My26.51, SRQy=5.94) recruited from the University of Barcelona
community. Participants in each language group wardomly assigned to either the
high- or no-conflict N-back condition. The finalstlibution included 32 high-conflict
bilinguals (4 males; Me20.53, S[ye3.15), 27 no-conflict bilinguals (3 males;
Mage=21.07, SRye=3.67), 26 high-conflict monolinguals (6 males;@#25.54,
SD.ge=5.39) and 25 no-conflict monolinguals (6 malesgd¥27.52, SQRy6.42).

| did not initially collect information about sulgjis’ socioeconomic status

(SES); however, recent studies debate whethemre(geeViorton & Harper, 2009) or
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not (see e.g., Bialystok, 2009; Engel de AbreuzE€3antos, Tourinho, Martin, &
Bialystok, 2012) these factors influence the biliabadvantage. Thus, one-and-a-half
years after the study, | invited participants tonpbete an online survey about their
parents’ income, occupations, and education leVéls.subset of participants who
responded (n=40) was evenly distributed acrossnbdanguage and two conflict
groups (high-conflict bilinguals: n=10; no-conflisiinguals: n=11; high-conflict
monolinguals: n=10; no-conflict monolinguals: n=B3cored parental occupations
from 1-9 on the 9-point Hollingshead Occupation@t$ Scale (Hollingshead,
1975). Then, | generated a composite score for salgject to determine their overall
SES; composite measures of parental occupatiogcaéda, and income are more
stable than income alone (McLoyd, 1998) and haegipusly been used to examine
SES-related differences in cognitive functioningfie, Norman, & Farah, 2005).
Because several subjects (n=9) chose not to répmrtparents’ average annual
income, the composite measure was based on paesltzdtion and parental
occupations. SES composite scores from 1-3 weigreeskbased on the criteria in
Table 8, where 1 represents the lowest SES and Biglhest. For the majority of
subjects (n=31), the scores derived from the edutand occupation criteria were in
agreement. If, however, these criteria indicatéfdint scores for a particular
subject, then the two scores were averaged—for pbeanfi a subject scored a 1 for
parental education and a 2 for parental occupati@m his composite SES score
would be a 1.5.

To evaluate whether SES differed between the foaugs, | conducted a

Kruskal-Wallis rank sum test on SES composite sorhis nhon-parametric test was
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chosen because the SES composite scores are atdtadlased on self-assessment
ratings (see Table 8). The distributions of SES mosite scores did not significantly
differ across the group$i(3)=0.71,p=.87), suggesting that, among those subjects
who provided SES data, SES was comparable for ¢oglfiict bilinguals, no-conflict
bilinguals, high-conflict monolinguals, and no-clietfmonolinguals.

Table 8

Parental Education and Occupation Criteria for SE@mposite Scores

SES score Parental education criteria Parental occupation criteria
1: low SES Highest parental education levelHighest parental occupation is 4
is no more than high school or less on Hollingshead scale

diploma or vocational equivalent

2: middle SES At least one parent has an Highest parental occupation is 4-6
education between an advanced on Hollingshead scale
vocational and a college degree

3: high SES At least one parent has a collegddighest parental occupation is 7
degree or better or greater on Hollingshead scale

All subjects were given the option of receiving pent (12 Euros) or course
credit for their participation. More bilinguals (86) chose course credit than
monolinguals (n=15); however, because subjects alveed to choose, it is
unlikely that any observed group differences cdddascribed to motivational factors
related to compensation. Also, despite the gemdbalance in the experiment,
females accounted for the same high distributiopasficipants across the two
language groups and across the two versions df-thack task.

Language status was verified using language questices borrowed from
Appendix B in Costa et al. (2009). Bilinguals wereluded if: their first language

was Spanish, Catalan, or both; they had some exptsioth Spanish and Catalan
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before or during primary school; they continuechgdvoth languages through
adulthood; they used both languages approximatglgley during either childhood
or adolescence; they reported at least “suffigueaficiency” in speaking, writing,
listening and reading in both languagasdthey were not fluent in a third language.
Monolinguals were included if: their first languagas Spanish, and they had little
exposure to any other languages before secondaoplsthey used only Spanish at
least three-fourths of the time in adolescemreithey were not fluent in speaking or
listening comprehension in any language other 8@amish. An additional 25
subjects participated, but were dropped from arealygecause they did not fit into
either language group (n=19), because they wesdles 75% accurate on filler
sentences or non-target N-back trials (n=5; 2 ¢pilais), or because of computer error

(n=1; monolingual).

Materials and Procedure

Sentence processing assessnteaiticipants completed a moving window
self-paced reading task (Just, Carpenter, & Wopll&32) at pre- and posttest. Two
initial lists of Spanish sentences were createdsisting of 32 critical items and 64
fillers each (see Appendix B for examples). Théaal items were eleven words long
and were interpretable as either subject-firstbped-first cleft sentences until the
seventh, disambiguating word (Betancort, CarregaSturt, 2009; del Rio et al.,
2011); however, the subject-first interpretatiosti®ngly preferred. For example:

(1) Este es el general que vigilaba al espia desdentana. (Subject-first)

(This is the general who watched the spy from thredow.)

(2) Este es el general que vigilaba el espia desdentana. (Object-first)
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(This is the general who the spy watched from tivelow.)

In Spanish, the subject-first construction is maoare frequent, and the al/el
manipulation results in large ambiguity effects dbject-first constructions
(Betancort et al., 2009). Relative to subject-fashtences, object-first constructions
elicit increased first-pass and total reading time$e disambiguating region (e.g., el
espia), indicating processing difficulty (Betanoetr@al., 2009). Moreover, this
processing difficulty is associated with increaaetivation of neural regions
implicated in cognitive control, and on averagetipgants incorrectly interpret
more than 20% of object-first sentences, compairéuanly 5-10% misinterpretation
in subject-first sentences (del Rio et al., 20Th)js suggests that participants use
cognitive control to overcome a strong subject-fr@rsing bias in order to
successfully (re)interpret object-first sentences.

Half the critical items in each list contained “@arking subject-first) and
half contained “el” (object-first). Additionally, &swapped the “al” and “el”
conditions in complementary versions of the twislisuch that subject-first
sentences became object-first sentences, and ersa.\Filler sentences were seven
to fourteen words long and varied in terms of sgtitastructure and complexity.
None of the fillers were garden-paths, but sixtiésrs in each list contained a
variety of harder-to-process structures, includimgtiple embedded prepositional
phrases, passive verbal constructions, and fraffitedt objects. These items helped
disguise the critical manipulation by ensuring tblaject-first sentences were not the
only difficult items. Each sentence was followedabyrue-False probe (e.g., El

general vigilaba al espia (The general watchedpy® to assess comprehension.
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The majority of the critical-item probes (75%) welesigned to be false, so that
participants would have to successfully reanalfeedabject-first sentences to respond
correctly. Filler probes were balanced so that aljezach list contained half True
and half False probes. True and False probes @ctwith the hard fillers in the
same proportions as with the rest of the fillers.

Subjects saw one list of sentences before the M4amk and a different list
afterward. Sentences were presented in pseudoraadtensuch that critical items
were never adjacent. List presentation was coual@nbed across subjects.

N-back taskFor this task, 144 four- to eight-letter Spanishmeand
adjectives were selected from the LEXESP databasthe BuscaPalabras software
tool. Selection criteria were frequency betweerBR0familiarity rating between 5-7,
concreteness rating between 1-3.9, and imageatalityg between 3.5-7 (Davis &
Perea, 2005; Sebastian-Gallés, Marti, Cuetos, &@as, 2000).

The N-back task contained three blocks of 96 tealsh (see Appendix C).
Each block lasted about 6.5 minutes, was followed h-minute break, and used a
different set of Spanish words. During the taskidvstimuli appeared one-by-one for
2-seconds each, with a 2-second inter-stimulusvateParticipants judged whether
the current item matched or mismatched the iteragmtedhreetrials previously.
They were instructed to respond as quickly and rately as possible, pressing one
button fortargets(i.e., 3-back matches) and another for non-matches

In each block, 3-back targets comprised 50% otribés. However, in the no-
conflict version, all non-match trials wemen-targetwords that had not appeared

before, whereas in the high-conflict version, 36 @8 non-match trials wetare
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items that had appeared recently, but two, foufivertrials previously. While both
versions involved maintenance of attention and nrgnmbe high-conflict version
additionally required participants to override thifamiliarity for lure items to
correctly reject them as non-matches.

Task analysed.conducted multilevel mixed-effects models witlbgets and
items as crossed random effects, using R’s glmmestion (Ime4 library, Bates &
Sarkar, 2007). Mixed-effects models are preferadl&®NOVA because they can be
more reliable (Barr, Levy, Scheepers, & Tily, 2048) because they allow random
effects of subjects and items to be consideredlsameously (Baayen, 2008). |
employed linear models for RT data, but used lagsbdels for accuracy data
because of their binomial distribution. For eachlgsis, | started with the full
structure justified by the design; then, | conddaeep-wise comparisons with
simpler fixed-effects by first removing non-sigednt interaction terms and then
removing variables without significant main-effeotsinteractions. The model with
the lowest Akaike Information Criteria (AIC) wasrn=dered the best-fitting model
and was used to calculate parameter estimateswinf the recommendation of
Barr et al. (2013), | always used the full randoifieets structure justified by the
design unless this model a) failed to converge) @obtained random slopes that
were highly correlated $.9) with the intercept or with each other. In tbemer case,
interactions between the random slopes terms veeneved before fitting the model.
In the latter case, the original model's AIC washpared to the AIC when the

relevant random slope was removed, and the modieltihe lower AIC was retained.
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A parameter was considered significant if its (3regte was at least twice its
standard error, i.e., if the magnitude of its agged z- or t-statistic (for logistic and
linear regression, respectively) was 2 or gredeirgan & Hill, 2007, p. 40). We

report only the results from the best fitting mixeftect models.

Results and Discussion

General Analyses

There were four participants (1 no-conflict monglial, 1 no-conflict
bilingual, and 2 high-conflict bilinguals) who iratly misunderstood the task
instructions for N-back and had abnormally low aacy on Block 1. Consequently,
Block 1 was removed for these participants, andlyaea that computed gains over
the course of N-back excluded their data.

Incorrect trials were excluded from response aadirg time analyses
because they may reflect different underlying ctgaiprocesses than correct trials.
This affected 22% of N-back data and 34% of thecali subject- and object-first
items for the sentence data. Although these eatesrseem high, | anticipated
relatively poor accuracy because certain items (uees on N-back and object-first
sentences) were intended to elicit errors. To redhe effect of outliers, | replaced
responses more than 2.5 standard deviations besamtdparticipant’s mean with the

2.5 standard-deviation threshold value. This outiésetting procedure affected
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2.58% of correct N-back data and 2.76% of corratital items for the sentence

processing data.

N-back Performance

| examined accuracy and RT on the N-back task terohene if bilinguals
demonstrated better non-syntactic cognitive contrah monolinguals and if
bilinguals and monolinguals improve differentialiyth practice. Because the high-
and no-conflict N-back tasks contained differeral ttypes, | conducted mixed-effect
models separately for each conflict condition usamguage group, trial type, block
and their interactions as fixed effects.

Accuracy.Average accuracy is reported in Table 9 for bathfloct
conditions. For the high-conflict N-back, the modehtained significant fixed effects
of language group, block, trial type, and a blogkttal type interaction (see Table
10). Bilinguals exhibited significantly higher acaay than monolinguals on the

high-conflict N-back £=2.43; see Figure 9), regardless of trial typelock

" Note, however, that for sentence processing datarrect trials were excluded after the outlier-
resetting procedure so that they were included vdoemputing subjects’ residualized reading times
(see Sentence Processing Results).
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Table 9

Mean (and Standard Deviation) of Accuracy for thghHand No-conflict N-back

Tasks
High-conflict No-conflict
Trial type Bilingual Monolingual Bilingual Monolingual
Block 1
Lures .70 (.12) .60 (.21) — —
Non- .96 (.07) 91 (.12) .99 (.02) .97 (.05)
targets
Targets .63 (.16) .59 (.14) .68 (.17) .70 (.17)
Block 2
Lures .72 (.18) .60 (.24) — —
Non- .94 (.09) 91 (.13) .98 (.03) .97 (.06)
targets
Targets .71 (.16) .66 (.19) .76 (.20) 72 (.22)
Block 3
Lures 76 (.17) .62 (.28) — —
Non- .96 (.08) .95 (.09) .97 (.04) .98 (.05)
targets
Targets .73 (.21) .70 (.20) .78 (.19) .75 (.20)
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Figure 9. Accuracy on the high-conflict N-back tagikdanguage group. (A) Accuracy by trial type.
There was a significant main effect of languageugrbecause bilinguals were more accurate than
monolinguals. There was also a significant maieafof trial type, such that participants were more
accurate on non-targets than on lued.(.04) or targetsz€10.57).(B) Accuracy by block.
Participants improved significantly over the coun$¢he task£=5.42). The absence of an interaction
between block and language group indicates thairffprovement was equivalent for bilinguals and
monolinguals.

As can be seen in Figure 9A, participants wereifsogimtly more accurate on
non-targets than lureg<11.12) or targetsz£10.63). Additionally, accuracy

improved over the course of the task (see Figune @ticipants exhibited
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significantly higher accuracy at block 3 than atdil 1 ¢=3.90), although significant
improvement only occurred between the latter bldbksck 1-to-block 2z=1.24;
block 2-to-block 3z=3.55). Finally, although participants improvedrsigantly on
all three trial types (lures from block 1-to-blo8kz=2.97; targets from block 1-to-
block 3:z=6.10; non-targets from block 2-to-blockz:2.38), they exhibited
significantly greater improvements on targets thaes (from block 1-to-block 2:
z=3.17; from block 1-to-block 3=2.97) and non-targets (from block 1-to-block 2:
z=2.25). Despite this, lure and target accuracy wexer significantly different

(block 1:z=1.19; block 2z=-0.60; block 3z=-0.61).
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Table 10

Logistic Mixed-effects Models of Accuracy for Higind Low-Conflict N-back:
Significant Model Parameters

Significant model parameters Beta Estimate (SE) z-value
High-Conflict N-back
Intercept 1.71(0.11) 15.61
Language group 0.16 (0.07) 2.43
Block: Block 1 -0.20 (0.07) -3.01
Block: Block 3 0.28 (0.07) 4.09
Trial type: Lure -0.83 (0.10) -7.97
Trial type: Non-target 1.66 (0.14) 11.61
Trial type: Target -0.83 (0.11) -7.44
Block x Trial type: Block 1, Target -0.15 (0.06) .62
Block x Trial type: Block 2, Target 0.13 (0.05) 25
No-conflict N-back
Intercept 2.93 (0.13) 22.17
Trial type 1.66 (0.11) 14.80
Block x Trial type: Block 1 0.18 (0.07) 2.49
Block x Trial type: Block 3 -0.16 (0.06) -2.56
Group x Block x Trial type: Block 1 0.23 (0.07) 3.2
Group x Block x Trial type: Block 3 -0.18 (0.06) B

Note: Significant model parameters for the betinfitlogistic mixed-effects models for N-back
accuracy on the high-interference (AIC: 17285) lndinterference (AIC: 9061) tasks.

For the no-conflict condition, significant modelrpmeters included trial type,
a block-by-trial type interaction, and a three-vgagup, block, and trial type
interaction (see Table 10). The absence of a sogmif main effect of group indicates
that bilinguals and monolinguals had equivalenteacy on the no-conflict task (see
Table 9 and Figure 10). Participants were signifiiigemore accurate on non-target
than target trialszE14.80; see Figure 10A), but they demonstratedfsgntly
greater improvement on targets than non-targets bimck 1-to-block 34=2.87).
Indeed, they became significantly more accuratenfibbock 1-to-block 3 on target
(z=4.81) but not non-target trialz=-0.66); however, this might be attributable to

near-ceiling non-target performance at block 1 (&&a@e 9). Finally, although
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bilinguals and monolinguals’ accuracy was nevenificantly different (block 1
targetsz=-0.37; block 1 non-targetg=1.64; block 2 target#=0.82; block 2 non-
targetsz=0.06; block 3 targetz=0.55; block 3 non-targetz=-1.24), the three-way
interaction indicated that bilinguals improved moretargets and less on non-targets

than monolinguals did (see Figure 10B).
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Figure 10. Accuracy on the no-conflict N-back tagkanguage group. (A) Accuracy by trial type.
Participants were less accurate on targets thafiargets =14.80), but there was no main effect of
language groupz£0.41).(B) Accuracy by block and trial typalthough there was no main effect of
block or group, there was a group-by-block-by-ttygde interaction, such that the difference between
bilingual and monolingual non-target accuracy wgaificantly smaller at block 3 than at block Z={
2.74), whereas the difference between bilingualrmpdolingual target accuracy was numerically
larger at block 3 than at block 2=(.06).

Reaction Time (RT)Yhe mean RTs are reported for both conflict cooadst
in Table 11. For the high-conflict N-back, sign#t model parameters included
block, trial type, a group-by-block interactionblack-by-type interaction, and a

three-way group, block, and type interaction (sabld 12). Performance on lures
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was significantly slower than on targets10.74) and non-targets=0.03; see Figure
11A). Participants became significantly faster withctice from block 1-to-block 3
(t=7.65; see Figure 11B), although this effect wagdafor lures and targets than for
non-targets (see Table 11). Although there was am mffect of language group, the
group-by-block interaction indicated that the diffiece between bilinguals and
monolinguals was significantly larger at blocksntl & than at block 2 (see Figure
11). Indeed, bilinguals were significantly fastean monolinguals at block1=t

2.02), and there was a trend in this directioni@tk3 ¢=-1.88), but not at block 2
(t=-0.98). However, monolinguals did not improve mthran bilinguals overall—
rather, monolinguals became significantly fastenfiblock 1-to-block 2tE-5.09),

but not from block 2-to-block 3%-1.61), whereas bilinguals became significantly
faster from block 1-to-block 2%-2.81) and from block 2-to-block 8+4.00).

Table 11

Mean (and Standard Deviation) RTs for the High &ledconflict N-back Tasks

High-conflict No-conflict
Trial type Bilingual Monolingual Bilingual Monolingual
Block 1
Lures 1206.22 (186.97) 1409.17 (370.04) — —
Non-targets 1005.43 (173.30) 1053.52 (259.82) ®¢80.00) 879.30 (154.67)
Targets 1047.21 (235.87) 1170.98 (323.48) 114&%09.61) 1129.50 (212.77)
Block 2
Lures 1157.78 (233.25) 1243.08 (316.31) — —
Non-targets 962.20 (194.36)  955.05 (170.46) 88449a@.70) 822.32 (144.76)
Targets 919.09 (246.74)  988.33 (270.19) 1035.80.%5) 975.76 (219.13)
Block 3
Lures 1071.56 (184.45) 1220.82 (324.09) — —
Non-targets  901.85 (166.83)  972.74 (207.86)  87(486.79)  800.15 (137.86)
Targets 820.14 (305.45)  933.25(290.49) 996.35.7340 889.89 (239.74)
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Figure 11. Reaction time (in ms) for bilinguals amdnolinguals on the high-conflict N-back task by
(A) trial type and (B) blockiA) Overall, participants were slower on luresrtlom non-targets or
targets. (B) Bilinguals were significantly fasttah monolinguals on block lonly. However, both
bilinguals and monolinguals became significantkstéa over the course of the task.

Finally, the three-way interaction demonstrated, tvaile bilinguals were
nearly always (numerically) faster than monolinguatross blocks and trial types
(see Table 11), this difference was significarainger for lures than for non-targets at
block 1 ¢=2.90) but not block 3£0.89). Indeed, at block 1, bilinguals were

significantly faster than monolinguals on lures-2.64) but not non-targets=(0.72).
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Importantly, however, the degree of bilinguals’ andnolinguals’ improvement from
block 1-to-block 3 did not significantly differ agither trial type ¢5|<1.78).
Table 12

Linear Mixed-effects Models of RT for High- and &dmlict N-back: Significant
Model Parameters

Significant model parameters Beta Estimate (SE) t-value
High-Conflict N-back
Intercept 1052.65 (26.68) 39.46
Block: Block 1 91.25 (12.62) 7.23
Block: Block 3 -74.98 (10.79) -6.95
Trial type: Lure 156.64 (12.54) 12.49
Trial type: Non-target -77.81 (17.18) -4.53
Trial type: Target -78.83 (15.19) -5.19
Group x Block: Block 2 19.15 (8.93) 2.15
Block x Type: Block 1, Target 36.46 (7.38) 4.94
Block x Type: Block 3, Non-target 33.71 (9.29) 3.63
Group x Block x Type: Block 1, Lure -17.42 (7.82) -2.23
No-conflict N-back

Intercept 945.69 (50.77) 18.63
Block: Block 1 77.74 (9.83) 7.91
Block: Block 2 -17.39 (5.46) -3.18
Block: Block 3 -60.34 (7.97) -7.57
Trial type -83.65 (17.17) -4.87
Group x Block: Block 1 -20.55 (9.25) -2.22
Group x Block: Block 3 17.83 (7.69) 2.32
Block x Type: Block 1 -44.11 (5.26) -8.39
Block x Type: Block 2 10.43 (4.25) 2.45
Block x Type: Block 3 33.68 (4.49) 7.51
Group x Block x Type: Block 1 10.08 (4.09) 2.46
Group x Block x Type: Block 3 -10.37 (3.99) -2.60

Note Significant model parameters for the best-fittiimgar mixed-effects models for N-back RT on
the high-conflict (AIC=172518) and no-conflict (AH@81950) tasks.

The model for the no-conflict condition includedrsificant effects of block,
trial type, a group-by-block interaction, a blockdype interaction, and the three-
way group, block, and type interaction (see Talle As reported in Table 11, RTs
were significantly slower on targets than non-tésde4.87; see Figure 12).

Participants became significantly faster from bldeto-block 2 {=-7.14) and block
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2-to-block 3 {=-4.53) and improved on both trial types (targets11.09; non-
targetst=-3.24); however, they improved significantly moretargets than on non-
targets (block 1-to-block 2=-6.42; block 2-to-block 3=-3.35). The language
groups improved at different rates, with monolingumproving more than bilinguals
from block 1-to-block 3tE-2.38), but this effect was only significant farget trials
(t=-3.21). Importantly, however, both groups improeggghificantly during the task
(monolingualst=-7.38; bilingualst=-4.35), and monolinguals were never
significantly faster than bilinguals on targetsok 1:t=.07; block 21=-.50; block 3:

t=-.96) or non-targets (block f=-.33; block 21=-.59; block 31=-.69).
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Figure 12. Reaction time (in ms) on the no-confildback task by trial typaBilinguals and
monolinguals exhibited equivalent RTs in the noflicincondition ¢=.53). Participants were slower
on targets than on non-targetts4.87).

Discussion of N-back performand&linguals were more accurate and faster
than monolinguals on a high-conflict N-back taskeading the bilingual advantage
in cognitive control to a recognition-memory pagadi As predicted, the effect of

bilingualism emerged across both conflict (luredl aon-conflict (target and non-
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target) trials, suggesting that it reflects supecmnflict monitoring—under
conditions with high monitoring demands, bilinguate more accurate than
monolinguals at recognition memory, which may iadicthat bilinguals are better at
detecting conflicts and flexibly employing cognéicontrol.

As expected, participants were less accurate lamgtson lures than non-
targets, indicating increased difficulty of lureats. This difficulty is presumably due
to the need to resolve conflict between the famitliaf the lure and the correct
serial-position information. Interestingly, howeytarget accuracy was equivalent to
lure accuracy, whereas target RTs were fasterlthrarRTs. This pattern suggests
that serial-position may not be well-encoded onftigé-conflict N-back, leading to
substantial error rates (33%) for both lures angetis. However, when serial-position
is correctly encoded, participants identify targetsre quickly than lures. The
increased difficulty of lures relative to non-tatgyand targets suggests that only lures
require conflict resolution. Considered alongsidelence that bilinguals
outperformed monolinguals regardless of trial typés reinforces the idea that the
bilingual advantage is not specific to conflicats.

One of the aims of Experiment 4 was to determinetiér bilinguals and
monolinguals improve differentially with practidefound that, independent of
language group, participants improved performamcbath accuracy and RT during
a high-conflict N-back task; moreover, bilinguatswtinued to achieve significantly
higher accuracy (and numerically faster RTs) thamatinguals throughout the 20-
minute task. Thus, the bilingual advantage may beenobust to practice effects

than previously supposed.
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Unlike in the high-conflict N-back, bilinguals amabnolinguals exhibited
equivalent accuracy and RTs on the no-conflict Rkbahis finding was consistent
with the hypothesis that bilinguals should not perf better than monolinguals on
tasks without information-processing conflict. Aally, the no-conflict N-back was
identical to the high-conflict N-back except foetimclusion of lures, indicating that
the bilingual advantage cannot be explained byebattention or memory abilities
alone; rather, the presence of conflict is necggseglicit the bilingual advantage.

Overall, the N-back results show that relativentanolinguals, bilinguals
enjoy an advantage in cognitive control, but ndbasic attention or memory
abilities. This advantage is robust to practiadhé task is sufficiently demanding
such that bilinguals and monolinguals have equpbdpnity to improve. Finally,
consistent with the conflict monitoring accounshiow a bilingual advantage across

conflict and non-conflict trials.

Sentence Processing Performance

| examined sentence comprehension accuracy anthgeaaes to test
whether the bilingual advantage extends to senterazessing and whether brief
cognitive control practice (i.e., the conflict catiwh of the intervening 3-back task)
mediated the relationship between language experiand sentence processing.
Because ambiguity occurred unpredictably in theesere processing task, all of the
sentences should require conflict monitoring; tfaee | included fillers in addition
to subject- and object-first sentences in our aes\of comprehension accuracy.

However, fillers were omitted from reading time gsas because they contained a
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fundamentally different structure than critical ®etes, so reading times would not
reflect comparable syntactic processing.

Sentence Comprehensidviean sentence comprehension accuracy is reported
in Table 13. Significant model parameters inclutddjuage group
(bilingual/monolingual), block (pre/post), sentergge (subject-first/object-
first/filler), and a block-by-sentence type intdran (see Table 14). The best-fitting
model dropped the effect of N-back conflict cormhtiindicating that N-back version
did not influence sentence comprehension accuracy.

Table 13

Mean (and Standard Deviation) of Sentence Compreberccuracy for Bilinguals
and Monolinguals for Each Sentence Type at PretedtPosttest

Sentence type — Pretest - — Posttest -
Bilingual Monolingual Bilingual Monolingual
Subject-first .90 (.12) .86 (.13) .89 (.10) .873).1
Object-first 42 (.31) .40 (.30) .51 (.37) A7 (.32
Fillers .92 (.05) .90 (.06) .93 (.05) .89 (.07)

Bilinguals exhibited significantly higher senterammprehension accuracy
than monolingualszE3.20; see Table 13) across sentence types ansbassas.
Participants were less accurate on object-first thebject-first £=-13.90) or filler
sentenceszE-14.72) and less accurate on subject-first théar BentenceszE-3.16).
Comprehension accuracy was higher at posttesttedast £=3.04), but participants
only made significant gains on object-first senemn¢=5.68). Still, object-first
accuracy remained significantly lower than subjest-(z=-11.79) and filler
sentenceszE-13.24) at posttest.

Table 14
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Logistic Mixed-effects Models of Accuracy on Sezggbomprehension Probes:
Significant Model Parameters

Significant model parameters Beta Estimate (SE) z-value
Intercept 1.64 (0.12) 13.63
Language group 0.20 (0.06) 3.20
Block 0.10 (0.03) 3.04
Sentence type: subject-first 0.72 (0.09) 7.73
Sentence type: object-first -1.95 (0.13) -15.56
Sentence type: filler 1.23 (0.11) 11.24
Block x Sentence type: object-first 0.18 (0.04) 2.9
Block x Sentence type: filler -0.11 (0.03) -3.13

Note Significant model parameters for the best-fittiogistic mixed-effects model for sentence
comprehension accuracy (AIC=13335).

Reading Time®nly critical items (object- and subject-first samtes) were
analyzed, and the final word of each sentence welsi@ed to prevent wrap-up
effects from obscuring the effects of interestm@ating spurious effects. As detailed
above (see General Analyses), | first reset eabjests outliers to their 2.5 standard-
deviation threshold. | then computed each subjeesglual reading times by
regressing length and reading times in each regnohcalculating deviations from the
expected reading time. This procedure factorstmittfects of word length and
individual differences on reading duration (Fele$r Clifton, 1986; Trueswell,
Tanenhaus & Garnsey, 1994). Incorrect trials weodueled prior to statistical
analyses.

Residualized reading times were analyzed separategach word in the
sentence using linear mixed-effects models witedirffects for group
(monolingual/bilingual), block (pre/posttest), chif (high/low), and trial type
(subject/object-first), and their interactions. &rthe subject- and object-first items

were identical up to word 7 (el/al), which was thi¢ical disambiguating region, the
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primary regions of interest were words 7-10. Howgesaaalyses were conducted on

all regions to verify that there were no unantitgobeffects.
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Table 15

Linear Mixed-effects Models of Residual SenteneeliRg Times by Region:
Significant Model Parameters

Significant model parameters Beta Estimate (SE) t-value
Word 1 (Este)
Block -23.90 (4.25) -5.63
Group x Block -9.49 (3.75) -2.53
Word 2 (es)
Block -26.38 (4.23) -6.24
Group x Block -7.76 (3.79) -2.05
Word 3 (el)
Block -25.23 (3.61) -6.98
Word 4 (general)
Block -60.01 (7.67) -7.83
Word 5 (que)
Block -36.07 (4.73) -7.63
Word 6 (vigilaba)
Block -63.94 (8.33) -7.68
Word 7 (el/al)
Block -36.00 (6.30) -5.71
Word 8 (espia)
Block -81.82 (10.08) -8.12
Type 43.16 (8.81) 4.90
Word 9 (desde)
Block -34.86 (5.11) -6.82
Type 36.39 (4.80) 7.58
Word 10 (la...)
Block -26.66 (4.17) -6.39
Type 19.70 (3.87) 5.09
Group x Block x Interference x Type 10.55 (4.19) 52.

Note Significant model parameters for the best-fitiimgar mixed-effects models for residual
sentence reading times for each word in the seatéflord 1 (AIC=62130); Word 2 (AIC=60408);
Word 3 (AIC=60524); Word 4 (AIC=65516); Word 5 (AH62627); Word 6 (AIC=66656); Word 7
(AIC=65008); Word 8 (AIC=69625); Word 9 (AIC=66669)/ord 10 (AIC=63644).

Table 15 reports significant model parameters ahesentence region. The

canonical garden-path effect is evidenced by sicanit effects of trial type in words
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8, 9, and 10 1$|>4.89), reflecting increased reading times fgeckfirst relative to
subject-first sentences (see Table 16 for meanmgdiines). As expected, there was
no effect of trial type prior to word 7. The absemt group x trial type interactions in
the early disambiguating regions (words 7-9) sutpgiait the garden-path effect was
equivalent in bilinguals and monolinguals. Thisanewhat qualified, however, by a
significant group x block x conflict x trial typateraction at word 10, which emerged
because among bilinguals, both the high- and ndlicbgroups demonstrated
significant cross-assessment reading time improwésran object- and subject-first
sentencestf|>2.15), but among monolinguals, the high-confiirctup improved
significantly on object-firsttE€-4.33) but not subject-first sentences-1.87),

whereas the no-conflict group improved significgrmth subject-tE-4.06) but not
object-first sentence$+02). This resulted in no-conflict monolinguaksving
significantly slower residual reading times on @bjirst sentences at posttest
(M=29.67,SD=292.44) than high-conflict monolinguaMl£-25.10,SD=198.63;

t=2.53) or no-conflict bilingualgM=-16.03,SD = 222.221=2.08).
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Table 16

Mean Outlier-reset and Residual Reading TimesHerisambiguating Regions of
the Subject- and Object-cleft Items, Pooled acRregest and Posttest and across
Monolinguals and Bilinguals

Word7 Word8 Word9 Word10
Sentence Type -
... el/al espia desde la
Mean Outlier-Reset Reading Times
Subject 480.77 664.64 481.70 412.71
Object 517.32 841.91 580.66 474,92
Difference 36.55 177.27 98.96 62.21
Mean Residual Reading Times
Subject 0.72 -32.55 -28.88 -16.17
Object -5.73 46.75 39.25 23.53
Difference -5.01 79.30* 68.13* 39.70*

Note *|t|>2. Negative residual values reflect faster regtiimes than predicted given word length;
positive residuals reflect slower reading timesitheedicted given word length.

Participants also exhibited a reliable practice@ffthey were faster at
posttest than pretest at every wotd|$5.62; see Table 15). There were also
significant interactions of group and block at wefdand 2. At word 1, both
bilinguals (=-7.01) and monolingual$<-3.01) demonstrated significant decreases in
their reading times from pretest (bilinguai$=33.91,SD=222.66; monolinguals:
M=20.99,SD=190.94) to posttest (bilingualst=-34.10,SD=137.96; monolinguals:
M=-11.64;SD=204.73), but bilinguals improved significantly nadhan
monolingualstE2.81). Similarly, at word 2, both bilinguals{6.24) and
monolinguals t=-3.18) improved significantly from pretest (bilungls:M=32.53,
SD=158.58; monolingualdvi=19.53,SD=183.26) to posttest (bilingualst=-37.37,
SD=117.56; monolingualdv=-20.50,SD=177.09), but bilinguals improved to a
greater extentt£2.05).

Discussion of sentence processing performahfoeind a small yet reliable

effect of bilingualism on sentence comprehensiaugscy, such that bilinguals had
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better reading comprehension than monolingualspeetive of sentence type or
assessment. To my knowledge, this is the first aestnation that the bilingual
advantage extends to parsing tasks involving ocnasgarden-path sentences.
Interestingly, this bilingual advantage was notcsipeto temporarily ambiguous,
object-first sentences, suggesting that the mexegpice of occasional conflict and
thus the demand to monitor for conflict is drivithge bilingual sentence
comprehension advantage. The advantage persigiesbdinth assessments,
demonstrating that the bilingual advantage is rotupractice effects on sufficiently
challenging tasks. However, bilinguals did noteliffrom monolinguals in their
reading times, suggesting that bilinguals’ cogeitbontrol advantage may only
impact late-stage revision processes (see Geneealigsion).

Unsurprisingly, the sentences induced the expezftedt of ambiguity, as
participants were slower in the disambiguatingeagiof and less accurate on
comprehension probes for object- than subject$estences. However, the
magnitude of the ambiguity effect was not differalhy impacted by practice on the
high- versus the low-conflict version of N-backldmad expected. Instead, the
ambiguity effect was largely stable across languageconflict groups, although
overall it was reduced (but not eliminated) forteege comprehension at posttest,
due to selective gains on object-first sentenchas]regardless of the type of
intervening N-back task (high- or no-conflict), plrticipants improve at processing
syntactic ambiguity merely through repeated expwsuisimilar materials. Such

effects of practice on syntactic ambiguity resaatare consistent with prior
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literature (Long & Prat, 2008; Wells, Christians&ace, Acheson, & MacDonald,
2009).

It is worth noting, however, that the N-back coetflkonditionwasrelated to
the ambiguity effect in reading times for word i®this region, bilinguals exhibited
cross-assessment decreases in reading times osdya#nce types regardless of N-
back conflict condition, whereas monolinguals im@ selectively on object-first
sentences following the high-conflict N-back, belestively on subject-first
sentences following the no-conflict N-back. Howehbis effect was rather late in the
disambiguating region; indeed, word 10 occurreddtwords after the initial
disambiguating word. Thus, the interaction may loeenattributable to wrap-up

effects rather than to differential improvemenambiguity resolution per se.

General Discussion: Experiment 4

| observed a bilingual advantage across two tdsksrgy a common cognitive
control component, namely, a high-conflict N-baa&kt and sentence processing
involving syntactic ambiguity resolution. The obsaion of a bilingual advantage on
both tasks is one of the first demonstrations liiatgualism bolsters performance
reliably across tasks relying on common cognitigetool resources.

The bilingual advantage manifested in a similatgratacross both tasks,
emerging on both conflict trials and non-conflicals. Because the bilingual
advantage consistently extended beyond those teglsring conflict resolution, the
current results support the conflict monitoringahe(Costa et al., 2009; Hilchey &

Klein, 2011), which characterizes the bilingual adtage as a superior ability to
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detect conflict and flexibly adjust recruitmentaaignitive control resources.
According to this account, the bilingual advantageerges because the occasional
presence of conflict heightens monitoring dematit=eby increasing the readiness
of cognitive control functions to deploy. This statf heightened readiness leads to
improved performance on both conflict and non-donftials. In essence, under high
demands, the monitor must be prepared either deygj@y reserving cognitive
control resources on a moment-to-moment basinidikls seem to be more adept
than monolinguals at flexibly engaging cognitiventol.

Finally, | found that the bilingual advantage enesf@cross tasks and was
sustained throughout cognitive control practicggasting that it is both consistent
and robust. It is consistent in that within the sasubject groups, bilinguals
outperformed monolinguals on two ostensibly diffeérasks (e.g., recognition
memory and sentence reading) that neverthelesotamon cognitive control
mechanisms, and it is robust because monolinguglsad ‘catch up’ to bilingual
performance over the course of an experiment, wésed on sufficiently

challenging tasks.

N-back Performance

Analyses of N-back performance indicated that gilias were faster and
more accurate than monolinguals, but only on tigb{eonflict version, which
required cognitive control to override a misleadiagiliarity bias on lure trials. No
such advantage emerged on the no-conflict N-bastk t@hich involved the
maintenance of attention and memory but which ¢oathno lure trials and thus did

not require cognitive control. This divergence asrthe two versions of N-back is
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critical; if an advantage had emerged on the ndlicbtask, then the results would
have suggested that bilinguals had merely pai@battention than monolinguals, as
cognitive control should not deploy in the totatabce of conflict. Instead, | found a
bilingual advantage only on N-back involving freqtieonflict, confirming that the
advantage reflects improved cognitive control, eathan better attention or memory.
Said another way, bilinguals do not appear to eajopdvantage in the mnemonic
aspects of working memory, when information musiizéntained for ongoing use in
the absence of interfering representations; ratheir, advantage emerges only when
the demands for non-mnemonic control processeetively high, namely when
conflict must be detected and resolved throughgartcular task context.

One alternative explanation for the advantage’aspgbsarance on the no-
conflict N-back task is that without conflict, theesk became too easy, obscuring any
group differences in recognition-memory. Howevdmd this unlikely given the
observed pattern of results. Correctly identifyiagget items evidently taxed
attention and memory resources: participants wigrefieantly less accurate and
slower on targets than on non-targets, correcipaoading on only 73% of targets.
Moreover, participants became significantly moreuaate and faster on targets with
practice, indicating sufficient room for improvemenhese results suggest that
bilinguals and monolinguals performed equivaleotiythe no-conflict N-back task
not because they were at ceiling, but becausetthdyequivalent attention and
memory abilities.

In contrast to previous studies, which may havenlsesceptible to task-

ceiling effects, | showed that both bilinguals andnolinguals improve markedly
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during practice on a cognitive control task. Indeedardless of language group,
participants in the high-conflict condition incredstheir N-back accuracy by nearly
7%. In reaction time, a group-by-block interactguggested that bilinguals and
monolinguals improved at different rates; howebdmguals still became
significantly faster with practice, and monolingsiakver achieved bilingual-levels of
performance. This novel finding is important be@iisuggests that despite
bilinguals already possessing better conflict mamt and cognitive control

abilities, they are nevertheless able to beneadinffurther practice. Moreover, it
shows that a mere 20 minutes of cognitive contratfice by monolinguals does not
produce cognitive control benefits comparable tséhendowed by a lifetime of

bilingual experience.

Sentence Processing Performance

Bilinguals exhibited a small, non-specific advamtayer monolinguals in
offline sentence processing throughout the stuslgvidenced by their higher
accuracy on comprehension probes following allesare types (object-first, subject-
first, and filler). However, bilinguals’ online stamce processing was not superior to
monolinguals’. A bilingual advantage in reading g@wahension but not real-time
parsing suggests that the observed advantage npaginate-stage semantic-
integration processes. However, it is worth notimat prior studies have observed
slower lexical access in bilinguals relative to miamguals (for review, see Bialystok
et al., 2009), either because of reduced lexiegj(ency (Gollan, Montoya, Cera, &
Sandoval, 2008) or because of increased competaionord selection due to

interference from the irrelevant language (Sanddsallan, Ferreira, & Salmon,
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2010). It is therefore likely that bilinguals sufie measurabldisadvantagat the
early stages of sentence processing (e.g., lesabakval), but their increased
cognitive control enables them to compensate inprehension.

Crucially, bilinguals’ sentence comprehension adage was not selective for
sentences requiring ambiguity resolution. Theselteparallel the findings from the
N-back task, further corroborating the idea théhbuals are better at conflict
detection and the flexible recruitment of cogniteantrol. Again, however, | would
not expect a global bilingual advantage in senteocaprehension in the complete
absence of temporarily ambiguous sentences; indeedelatively low proportion of
garden-paths in the sentence processing task necayicfor the small magnitude of
the bilingual advantage in sentence comprehension lack thereof in real-time
processing). Specifically, the asymmetrical disttibn of conflict (17%) and non-
conflict trials (83%) in our sentence processirgktaay reduce monitoring demands,
because switching between conflict and non-conttiats is relatively infrequent.
The conflict monitoring theory predicts that thérgual advantage should be largest
when the need to monitor for conflict is high, gvtbr studies (Costa et al., 2009)
have shown that the bilingual advantage disapp@atke Flanker task when a high-
proportion (92%) of trials are the same type (eit@nflict or non-conflict). Thus,
bilinguals’ sentence comprehension advantage mag been relatively small in the
present study because conflict monitoring demarete welatively low. Future
studies should determine whether this advantaglel d@uincreased with a higher

degree of switching between garden-path and unambgysentences.
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Caveats and Limitations

The extent to which the differences | observed ketwbilinguals’ and
monolinguals’ cognitive control abilities can bériduted to bilingual language
experience is limited by the extent to which the tanguage groups are comparable
in all factors other than language experience oAl subjects were healthy, young
adults recruited from the same institution, andtfier subset of individuals who
provided SES data, there were no significant défiees across the language groups.
Because we were not able to collect SES data fitbaf aur subjects, we cannot
entirely rule out the possibility that, overalllibguals and monolinguals came from
different socioeconomic backgrounds. However, skeisms unlikely, since we have
no reason to believe that the participants whoipex/SES data were not
representative of the groups as a whole.

Another possible difference between our bilinguad monolingual groups is
immigrant status, as a greater proportion of thadual participants (high-conflict:
93.8%; no-conflict: 88.9%) than monolingual pagemts (high-conflict: 57.7%; no-
conflict: 48%) were originally from Spain. Thus, rmanonolinguals than bilinguals
were immigrants (since in Barcelona, the local paipan is largely bilingual). This
would principally be a concern if the two groupHeted in terms of education
level—when immigrant status has been suggested akeanative explanation for
the bilingual advantage, the bilingual group in sfign contained more Canadian
immigrants, who tend to have more education thaiven&anadians (Morton &
Harper, 2007, 2009). This artifact of immigranttstaseems unlikely in the present

study, given that all participants were studenthatUniversity of Barcelona,
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primarily at the undergraduate level. Moreovesrnfithing, these bilinguals had
slightly less, not more, education than our morgplads, as monolinguals were more
likely to be graduate students. Thus, the mostiparsous account of the evidence
for a bilingual advantage in cognitive controlhgat bilingualism, rather than
differences in immigrant status, is responsibletii@rincrease in cognitive control
abilities.

The findings of Experiment 4 directly contrastiwiecent studies that have
failed to find a bilingual advantage across a \grod different executive function
tasks (Hilchey & Klein, 2011; Paap & Greenberg, 20An explanation of such
discrepancies is warranted: why did the advantaggrge consistently across
executive function tasks in the present experimautnot in Paap and Greenberg’s
(2013), which was explicitly designed to examine ¢thoss-task consistency of the
bilingual advantage? | believe that although tlsd¢an Paap and Greenberg’s study
(Simon, Flanker, Antisaccade, Ravens Progressivieidda, and Color-Shape
Switching) can all be broadly classified as exe®itunction tasks, they rely on
different aspects of executive control and areactwally assessing the same abilities.
For instance, the Flanker task involves ignorimgl@vant-information whereas color-
shape switching requires cognitive flexibility. Atddnally, many of these tasks are
susceptible to ceiling effects, making it diffictdt observe individual differences on
these tasks in young adults, who are at their @xectunction peak. Indeed, previous
studies have observed a reduction in color-shajtersng costs (Gold et al., 2013)
and in the Simon effect (Bialystok et al., 2004) bdinguals relative to monolinguals

in older but not younger adult populations, sugggdhat although bilingualism
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improves performance on these tasks, it is difficulbdetect this advantage in young
adults.

In contrast, N-back with lures and syntactic amitigtesolution are
hypothesized to recruit shared cognitive contrebtgces (Novick et al., 2005), a
hypothesis which is well-supported by their simi@ural and behavioral profiles
(January et al., 2009; Novick et al., 2009, 20M)reover, these tasks are difficult
even for healthy young adults, making it easieshieerve group differences in
cognitive control. Indeed, in Experiment 4, thenglal advantage was primarily
reflected in accuracy: bilinguals were more acaithdn monolinguals on the N-back
task and on sentence comprehension probes. Seshilamay be harder to obtain on
tasks like Simon and Flanker, where accuracy isecto ceiling (Paap & Greenberg,
2013). Indeed, ceiling effects may have contributethe apparent lack of group

differences on the Stroop task in Experiment 2.

Concluding Remarks

In conclusion, bilingualism apparently acts asraffof cognitive control
training, bestowing measurable advantages in amfibnitoring, the ability to detect
unpredictable conflict and flexibly adjust recruém of cognitive control resources. |
demonstrate that this advantage applies not onlgdognition-memory under high-
monitoring demands, but also to sentence processuodying occasional syntactic
ambiguity resolution, suggesting that conflict ntoring operates across syntactic
and non-syntactic domains. Moreover, this systentigoes to be amenable to
improvement, as both bilinguals and monolingualsl@substantial gains with

practice. Taken together, these results suppothtay that bilinguals possess a
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more-developed flexible cognitive control systerhisTincreased flexibility is
domain-general, underlying bilinguals’ heightenededtion and resolution of
information-conflict during parsing and interpreédat (i.e., when syntactic ambiguity

is present) and within recognition memory.
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Chapter 6: General Discussion

The present dissertation, in conjunction with poegi research, supports the
existence of a bilingual advantage in conflict ntoring. Experiment 1 appeared to
confirm that conflict adaptation effects refleclina adjustments in the recruitment
of domain-general cognitive control resources. Expents 2 and 3 demonstrated
that bilinguals were less affected than monoling gl sequential effects:
specifically, whereas monolinguals had lower accyfallowing congruent trials
than incongruent trials, suggesting difficulty ietelcting initial conflicts, bilinguals
exhibited equally high accuracy after both congtwer incongruent trials. In
conjunction with the finding that bilinguals exHiimcreased recruitment of neural
regions involved in language-switching, attentiomieting, and control during
conflict detection, these results suggest thandpilals engage a broader network of
control to enable better conflict detection. FipaExperiment 4 demonstrated that
the bilingual advantage transfers to linguistiksaand can emerge consistently
across different executive function tasks tappieg@mon conflict monitoring
system. Importantly, these results replicate thdifig of a ‘global’ advantage across
conflict and non-conflict trial types, while showithat it does not occur in the
absence of conflict, further supporting the notioat bilingualism improves conflict
monitoring.

However, we are only beginning to understand tleezerature and extent of

the bilingual advantage. If the bilingual advantégbest characterized as superior
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conflict monitoring, then the mechanisms that waatléngthen conflict monitoring
in bilinguals need to be delineated. As discuseedhapters 1 and 3, recent
neuroimaging evidence suggests that the processieslying language-switching
may be instrumental to the bilingual advantageogndtive control. Indeed,
language-switching during a picture-naming task emflict trials on a Flanker task
activate overlapping areas of the anterior cingutatrtex (Abutalebi et al., 2012), a
region that has been linked to conflict monitorprgcesses, specifically, detecting
conflict and subsequently adjusting control (Boiskret al., 1999, 2001, 2004; Kerns
et al., 2004). Because language-switching engdgesame resources as conflict
monitoring, it is plausible that the processing dans associated with switching
languages confer a conflict monitoring advantageilinguals who must frequently
shift between their two languages. Indeed, thegmtestudy is consistent with this
interpretation, given that bilinguals recruitedice involved in language-switching
(e.q., the left caudate) to a greater extent thanatnguals during conflict detection.
If language-switching is indeed responsible forlihimgual advantage, one
might expect that those bilinguals who switch laages frequently enjoy larger
advantages than those who only rarely switch. eotvords, the conflict monitoring
advantage may only emerge in certain bilingual comities. Bilinguals in code-
switching environments may have an especial neetbtdtor for conflict, because
they are charged with detecting unpredictable laggwswitches (Valdés Kroff,
Dussias, Gerfen, & Perrotti, submitted), requirlexible deactivation and
reactivation of lexical items. Unlike bilinguals smgle-language environments,

code-switchers may maintain activation of both leages to facilitate switching,
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instead of globally inhibiting the language notremtly in-use (Green, 2011). If code-
switching imposes especially strong conflict monrtg demands, this may help
explain some of the inconsistencies in the bilinguivantage literature. Future
studies should address this possibility by exanginvhether code-switching

comprehension requires conflict monitoring.
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Appendices
Appendix A
Demographic Information

Participant ID

Please enter your current age in years.

If you are in school, please list your major(s).

Please indicate your gender.
Male
Female

Please enter your race/ethnicity. Check all that apply.
Amencan Indian or Alaskan Native
Asian
Black or African American
Hispanic
Native Hawaiian or Other Pacific Islander
White (non-Hispanic)
Other

What is the highest level of education you have completed? (Note: If you are currently in college, but do not yet
have a Bachelor's, you should choose "Some college’).

Less than high school

Some high school

High-school diploma or GED

Trade school

Some college

Bachelor's degree

Some graduate school

Master's or Professional Degree
Ph.D., J.D., M.D. or other Doctorate
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What is the highest level of education completed by your mother or female guardian?
Less than high school
Some high school
High school diploma or GED
Trade Schoal
Some college
Bachelor's degree
Some Graduate School
Masters or Professional Degree
PhD.,J.D,MD., or other Doctorate

I'was not raised by my mother or female guardian.

What is the highest level of education completed by your father or male guardian?
Less than high school

Some high school

High school diploma or GED

Trade Schoal

Some college

Bachelor's degree

Some Graduate School

Masters or Professional Degree
Ph.D., J.D., MD., or other Doctorate

I'was not raised by my father or male guardian.

How many people lived in the household in which you were raised?
2

=~ @ WM ok W
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Please estimate the total household income of the household in which you were raised.
$0-15,000
$15,000-25,000
$25,000-35,000
$35,000-45,000
$45,000-55,000
$55,000-65,000
$65,000-75.000
$75,000-85,000
$85,000-100,000
$100,000-150,000
$150,000-250,000
$250,000+

Please estimate the socioeconomic status of your parent(s) or guardian(s).
Underclass (poor, unemployed)
Working Poor
Working Class
Middle Class
Upper Middle Class
Upper Class

CABB

What is your native (i.e - your first) language?

What is your preferred language (1.e .- the language you feel most comfortable speaking)?

Please indicate your country of onigin/birth:

Please indicate your country of residence:

If your couniry of ongin and residence are not the same, at what age did you move o your country of residence?
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If you have lived in multiple counines, please list them and the amount of time you spent in each one:

What languages do you speak fluently/proficiently? Please list in order from most proficient to least proficient.

The following questions ask what proportion of the time you spoke English versus Spanish at different times in
your life and in different settings. If you used only 1 language, you should use the endpoints of scale.

The selection "Almost Always” should mean you used that language more than 80% of the time, the selection
"Mostly” should mean that you used that language between 60 and 80% of the time, and the selection
"Equivalently” should mean that you used each language between 40 and 60% of the time. Please answer only in
regards to English and Spanish. If your pnmary language was something other than English or Spanish, please let
the experimenter know.

Prior to school, how often did you hear each language?

Almost Equivalently Almost
Always Always Mostly English/ Mosthy Always Always
English English English Spanish Spanish Spanish Spanish

At home

During elementary school, what language did you speak the most?
Almost Equivalently Almost
Always Always Mostly English/ Mosthy Always Always
English English English Spanish Spanish Spanish Spanish
At home
At school

With friends

During middle school, what language did you speak the most?

Almost Equivalently Almost
Always Always Maostly English/ Mostly Always Always
English  English  English  Spanish  Spamish  Spanish  Spanish

At home
At school
With fnends
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During high school, what language did you speak the most?
Almost Equivalently Almost

Always Always Maostly English/ Mostly Always Always
English English English Spanish Spanish Spanish Spanish
At home
At school
With friends
During college and as an adult, what language do you speak the most?
Almost Equivalently Almost
Always Always Mostiy English/ Mostly Always Always
English English English Spanish Spanish Spanish Spanish
— x i - : i : 2 :
At school
With fnends
Please indicate your proficiency in speaking for all the languages that you know.
Not at all Somewhat Moderately
proficient proficient proficient Quite proficient Fluent
English
Spanish
Other, please specify
Other. please specifv
Other. please soecifv
Please indicate your proficiency in writing for all the languages that you know.
Not at all Somewhat Moderately
proficient proficient proficient Quite proficient Fluent
English
Spanish

Other, please specify
Other, please specify

Other. please specify
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Please indicate your proficiency in reading for all the languages that you know.

Not at all Somewhat Moderately
proficient proficient proficient Quite proficient

English
Spanish
Other. please soecifv

Other. please specifv

Other. please soecifv

Please indicate your proficiency in listening for all the languages that you know.

Not at all Somewhat Moderately
proficient proficient proficient Quite proficient

English
Spanish

Other. please specifv
Other, please specify

Other, please specify

Where was your mother or female gquardian born?

Where was your father or male guardian bom?

What languages can your parents speak fluently?
Language(s)
Mother or female guardian

Father or male guardian

If you speak two languages fluently, please complete the following questions. If your first language is not English,
orif it is both English and something else, please treat the other language as your first language (L 1) and English
as your second language (L2) for these questions. Otherwise, treat English as your L1 and the other language as

Fluent

Fluent

your L2. If you speak English and only English, you do not need to answer these questions, and may skip to the

next page.

What is your L1?
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What is your L27

How did you leam your L2 (check all that apply):
11 Mainly through formal classroom instruction
' Mainly through interacting with people
Mainly from interacting with my parents
Other (please specify):

Please indicate the number of years speaking:
Number of years

Your L1
Your L2
Other (please specify):

Please indicate the number of years of instruction received in:
Number of years

Your L1
Your L2
Other (please specify):

Please indicate your percent daily use of the following (total should equal 100%):
Your L1

Your L2

Other (please specify):

[=]

Total
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Please indicate how often you:

Less than Daily, but
Oncea 1-3Timesa 1-3Timesa 46Tmesa not
Never Month Month Week Week exclusively Always

Speak L1 at home
Speak L1 at work/school
Speak L1 with fiends
Speak L2 at home
Speak L2 at work/school
Speak L2 with friends

What language(s):
Language(s)

Do your parents usually speak
to each other at home?

Do you usually speak to your
mother at home?

Do you usually speak to your
father at home?

Is/was spoken at home?

Isiwas spoken at school?

Please specify the age at which you started to leam your L2 in the following situations (write age next to any
situation that applies):

_ Age
At home
In school

After arriving in a country
speaking your L2

Estimate, in terms of percentages, how often you use your native language and other languages per day in all
daily activities combined (total should equal 100%):

u g
2 0
Other (please specify): 0
Total o
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Estimate, in terms of hours per day, how often you watch TV or listen to the radio in your native language and
other languages per day.

MNumber of hours
L1
L2
Other (please specify):

Estimate, in terms of hours per day, how often you read newspaper, magazines, and other general reading
matenals in your native language and other languages per day.

Number of hours
L1
L2

Other (please specifv):

In what languages do you usually:
List language

Add, multiply, and do simple
arithmetic?

Dream?

Express anger or affection?

When you are speaking, do you ever mix words or sentences from the two or more languages you know?

If yes, please list the languages that you mix and rate the frequency of mixing normal conversation with the
following people on a scale from 1 (mixing is very rare) to 5 (mixing is very frequent).

Languages mixed Frequency of Mixing
Spouseffamily members . .
Friends
Co-workers

In which language (among your best two languages) do you feel you usually do better? Wnte the name of the
language under each condition:

At home At school/work
Reading
Wting
Speaking
Understanding
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Among the languages you know, which language is the one that you would prefer fo use in these situations?
: Language
At home

At school/work
At a party
In general

If you have taken a standardized test of proficiency for languages other than your native language (e.g., TOEFL or
Test of English as a Foreign Language), please indicate the scores you received for each.

Name of Language Name of Test Test Score
Test 1

Test 2
Test 3
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Appendix B

Example Sentence Items and Probes. Critical iterasadeled with sentence type for
one list version, but type was reversed on the ybalanced version.

al

al

Type Item Probe

Subject-| Este es el cardinal que presento al/gl cardinal presento al obispo./E

first obispo a los creyentes. obispo presento al cardenal.

Subject-| Este es el general que vigilaba al/eEl espia vigilaba al general./El

first espia desde la ventana. general vigilaba al espia.

Subject-| Este es el biélogo que visitaba al/elEl quimico visitaba al biélogo./El

first guimico cada dos afos. bidlogo visitaba al quimico.

Subject-| Este es el decano que mencioné | El decano menciono al

first al/el profesor en su discurso. profesor./El profesor menciono 3
decano.

Subject-| Este es el cantante que admira alleEl escritor admira al cantante./El

first escritor por su elocuencia. cantante admira al escritor.

Subject-| Esta es la mujer que besaba al/el | El piloto besaba a la mujer./La

first piloto en el aeropuerto. mujer besaba al piloto.

Subject-| Este es el senador que consulté al/El alcalde consulté al senador./H

first alcalde sobre la eleccion. senador consulté al alcalde.

Subject-| Este es el politico que defendi6 al/dkl politico defendié al redactor./E

first redactor en el periodico. redactor defendio al politico.

Object- | Este es el gerente que fastidiaba | El constructor fastidiaba al

first el/al constructor con sus preguntasgerente./El gerente fastidiaba al
constructor.

Object- | Este es el cajero que cuestionaba| El cajero cuestionaba al

first el/al gerente sobre el inventario. | gerente./El gerente cuestionaba
cajero.

Object- | Esta es la enfermera que apoyo el/&l celador apoyo a la

first celador en su trabajo. enfermera./La enfermera apoyo
celador.

Object- | Este es el motorista que seguia el/&l motorista seguia al

first camionero a la distancia. camionero./El caminero seguia &
motorista.

Object- | Este es el musico que despert6 elfdtl cantante despertd al musico./E

first cantante con la melodia. musico despert6 al cantante.

Object- | Este es el guionista que menciong El guionista menciond al

first el/al productor hace unas semanasproductor./El productor mencion
al guionista.

Object- | Este es el ladron que retuvo el/al | El ladrén retuvo al joyero./El

first joyero durante tres horas. joyero retuvo al ladrén.

Object- | Esta es la nifiera que abraza el/al| La nifiera abraza al pequefio./El

first pequefo antes de despedirse. pequefo abraza a la nifiera.

Filler El nuevo actor admiraba las El director era poco conocido.

peliculas del famoso director.
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Filler Los arboles del parque al lado de &l merodeador se ocultaba dent
escuela ocultaban al merodeador.| de la escuela.

Filler El zumo empapo el mantel y se | El mantel se qued6 empapado.
filtro por la alfombra.

Filler La reina queria ser o piloto de avipha reina queria ser dentista.
0 médico.

Filler El ministro tomo el avién del El empresario tomo el avion.
empresario durante la emergencia.

Filler La familia con perro cuidaba a las| La familia tenia una mascota.
mascotas de sus vecinos.

Filler El cachorro jugoé con los nifios del| El entrenador jugé con el
entrenador toda la tarde. cachorro.

Filler El comerciante no confiaba en la | El comerciante confiaba en la
justicia después del juicio. justicia.

Filler El avidn y el barco impresionaron gEl barco impresioné a los
los ingenieros. ingenieros.

Filler Aquel granjero experimentado El tractor nuevo es conducido pd
conduce el tractor nuevo. el granjero experimentado.

Filler El coche del médico esta mal El coche esta aparcado en el
aparcado frente a la casa. hospital.

Filler Luis cortejaba a la nieta de la Luis cortejaba a la nieta.
pescadora con flores y canciones,

Filler Las clientas exigieron una rebaja ehas clientas estaban satisfechas
el precio después de saber mas deton el precio.
producto.

Filler El nuevo avion fue disefiado por €l El ingeniero disefi6 el avion.
exitoso ingeniero.

Filler El profesor y el estudiante leyeron El profesor leyo el texto solo.
el texto juntos.

Filler Los prisioneros fueron liberados polos policias liberaron a los

los guerrilleros después de un me

Sprisioneros.

en cautiverio.
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Appendix C

Example stimuli lists for high- and no-conflict ek tasks

N-back version

Item Order High-conflict No-conflict

Trial Type Stimulus Trial Type Stimulus
1 non-target calidad non-target lastima
2 non-target pieza non-target bloque
3 lure calidad non-target prenda
4 non-target prodigio non-target volumen
5 target pieza target bloque
6 target calidad target prenda
7 target prodigio target volumen
8 target pieza non-target pobreza
9 non-target suceso non-target canal
10 lure calidad target volumen
11 lure suceso target pobreza
12 lure prodigio non-target salud
13 lure pieza non-target mania
14 lure calidad non-target episodio
15 target prodigio non-target creador
16 target pieza target mania
17 target calidad target episodio
18 lure pieza target creador
19 lure calidad non-target calidad
20 non-target escena non-target ritmo
21 target pieza non-target maquina
22 target calidad non-target masa
23 target escena non-target tarea
24 target pieza non-target claridad
25 target calidad target masa
26 target escena target tarea
27 non-target cola target claridad
28 target calidad target masa
29 target escena target tarea
30 target cola non-target dato
31 lure escena non-target figura
32 lure calidad non-target lentitud
33 target cola non-target animal
34 lure calidad non-target agente
35 lure escena non-target medida
36 target cola non-target dureza
37 target calidad target agente
38 lure cola target medida
39 lure calidad target dureza
40 lure escena non-target placer
41 lure calidad non-target dulzura
42 lure cola non-target detalle
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43 target escena non-target periodo
44 lure cola target dulzura
45 non-target ocio target detalle
46 target escena target periodo
47 target cola target dulzura
48 target ocio target detalle
49 target escena target periodo
50 target cola target dulzura
51 lure escena non-target reaccion
52 lure ocio non-target transito
53 target cola target dulzura
54 target escena target reaccion
55 lure cola target transito
56 lure escena non-target simbolo
57 non-target quietud non-target ndcleo
58 target cola non-target belleza
59 lure quietud non-target emocion
60 lure escena non-target sabor
61 lure quietud target belleza
62 lure cola target emocion
63 target escena target sabor
64 target quietud non-target quietud
65 lure escena target emocion
66 non-target igualdad target sabor
67 target quietud target quietud
68 target escena target emocion
69 target igualdad non-target tension
70 target quietud non-target trance
71 target escena non-target compania
72 lure quietud non-target cola
73 non-target blogue target trance
74 lure igualdad target compafiia
75 target quietud target cola
76 target bloque target trance
77 target igualdad non-target ruptura
78 lure blogue non-target religion
79 lure quietud non-target peligro
80 target igualdad target ruptura
81 target bloque target religion
82 target quietud target peligro
83 non-target belleza target ruptura
84 target bloque target religion
85 lure igualdad non-target rumor
86 target belleza non-target peste
87 target blogue non-target servicio
88 non-target unién non-target suceso
89 lure igualdad target peste
90 lure belleza target servicio
91 lure igualdad target suceso
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92 lure bloque non-target hallazgo
93 target belleza target servicio
94 target igualdad non-target vistazo
95 target bloque target hallazgo
96 target belleza target servicio
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