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What do perceptually bistable figures, sentences vulnerable to misinterpretation and the
Stroop task have in common? Although seemingly disparate, they all contain elements
of conflict or ambiguity. Consequently, in order to monitor a fluctuating percept, reinter-
pret sentence meaning, or say ‘‘blue’’ when the word RED is printed in blue ink, individuals
must regulate attention and engage cognitive control. According to the Conflict Monitoring
Theory (Botvinick, Braver, Barch, Carter, & Cohen, 2001), the detection of conflict automat-
ically triggers cognitive control mechanisms, which can enhance resolution of subsequent
conflict, namely, ‘‘conflict adaptation.’’ If adaptation reflects the recruitment of domain-
general processes, then conflict detection in one domain should facilitate conflict resolution
in an entirely different domain. We report two novel findings: (i) significant conflict adap-
tation from a syntactic to a non-syntactic domain and (ii) from a perceptual to a verbal
domain, providing strong evidence that adaptation is mediated by domain-general cogni-
tive control.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Consider these scenarios: (1) a British tourist crossing
Manhattan’s Fifth Avenue; and (2) a reader encountering
the following sentence in a novel, ‘‘At the bank, John got
out his fishing pole and cast his line.’’ Ostensibly, these cir-
cumstances are drastically different. One entails a physical
act; the other involves word and sentence comprehension.
Despite obvious dissimilarities, however, both scenarios
share the need for the individuals to overcome routinized
responses and adjust their thoughts and actions accord-
ingly. In the first case, the tourist must suppress her
well-learned habit of looking rightward before crossing
the street, in favor of looking first to the left. In the second
case, the reader must abandon the initial, more frequent
interpretation of ‘‘bank’’ (financial institution) and recover
the less common but context-appropriate meaning (river’s
edge) instead. In both situations, individuals must dynam-
ically adapt their information-processing strategies to
countermand the ‘‘knee-jerk’’ response and select a com-
peting alternative. This ability is known as ‘‘cognitive con-
trol,’’ a term that describes a constellation of mental
functions that guide goal-directed behavior consistent
with situation-specific requirements; as such, it is particu-
larly important for performing non-routine tasks. Although
researchers generally agree that cognitive control is funda-
mental to complex cognition, its underlying mechanisms
remain controversial. In the present research, we test
whether cognitive control mechanisms are domain-gen-
eral in the context of a behavioral phenomenon known
as ‘‘conflict adaptation.’’

According to one prominent theory of cognitive control
(the Conflict Monitoring Theory, Botvinick et al., 2001),
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the detection of conflict—regardless of its source—automat-
ically initiates cognitive control mechanisms (see also Desi-
mone & Duncan, 1995; Miller & Cohen, 2001; Norman &
Shallice, 1986; but see Schlaghecken & Martini, 2011). Con-
flict arises when an individual receives mismatched or
ambiguous information about how best to characterize
some input (i.e., representational conflict) or how best to
respond to that input (i.e., response conflict). Consider the
classic Stroop task (Stroop, 1935), where subjects must
name the ink color in which color words are printed. Con-
flict occurs when the ink color and color name are incon-
gruent (e.g., the word RED printed in blue ink). The
conflict generated by the stimulus automatically triggers
cognitive control, which mediates conflict resolution by
overriding dominant but goal-irrelevant information (word
meaning) and/or promoting goal-relevant processing (color
naming, Botvinick, Cohen, & Carter, 2004; Egner & Hirsch,
2005; van Veen & Carter, 2006). Furthermore, sustained
cognitive control engagement can yield enhanced resolu-
tion of subsequent conflict, reflected by better performance
on an incongruent trial when preceded by another incon-
gruent trial, versus when it is preceded by a congruent trial.
This behavioral savings, called ‘‘conflict adaptation’’ or the
‘‘Gratton effect’’ (Gratton, Coles, & Donchin, 1992; Mayr,
Awh, & Laurey, 2003; Ullsperger, Bylsma, & Botvinick,
2005), has been observed within various tasks that elicit
representational and/or response conflict (e.g., within
Stroop, Flanker, Simon tasks; Botvinick, Nystrom, Fissell,
Carter, & Cohen, 1999; Hommel, Proctor, & Vu, 2004; Kerns
et al., 2005; Runger, Schwager, & Frensch, 2010).

Although data from within-task conflict adaptation has
been instrumental to our understanding of cognitive con-
trol, the extent of the behavioral effects of sustained cogni-
tive control—via generalized performance to another task—
remains unclear. In other words, is cognitive control ‘‘one
size fits all,’’ operating across seemingly disparate situa-
tions, or is it idiosyncratic to tasks or domains? Some
researchers (Miller & Cohen, 2001; Rajah, Ames, & D’Espos-
ito, 2008) argue that cognitive control mechanisms medi-
ating conflict detection and its resolution are domain-
general, meaning they operate systematically (and simi-
larly) across conflict types that arise in different domains
(e.g., verbal, non-verbal, syntactic, semantic). Others argue
for domain-specificity, wherein multiple independent con-
flict-control systems support conflict processing only with-
in a particular domain (Akcay & Hazeltine, 2011; Egner,
Delano, & Hirsch, 2007).1 Since evidence from within-task
adaptation does not address the issue of domain-generality,
some researchers have adopted cross-task adaptation de-
signs to test how broadly cognitive control operates on a
trial-by-trial basis (e.g., across Stroop and Flanker tasks).2

If conflict adaptation reflects sustained engagement of a do-
main-general system, then conflict adaptation should be ob-
servable across tasks and domains, provided that conflict
1 Some define ‘‘domain’’ differently. For example, Egner (2008) argued
that in conflict adaptation contexts, one might classify domains by response
versus representational conflict. We return to this issue in Section 6.

2 Cross-task designs also have the advantage of eliminating stimulus-
and response-repetitions, a concern raised by some regarding the locus of
within-task adaptation (e.g., Mayr et al., 2003).
arising in one domain sufficiently activates cognitive con-
trol. Conversely, if adaptation is mediated by domain-spe-
cific cognitive control, then cross-task (or cross-domain)
behavioral adjustments should not occur.

Evidence for cross-task adaptation has been mixed,
however: whereas some studies demonstrate adaptation
from one task to another (Freitas, Bahar, Yang, & Banai,
2007; Notebaert & Verguts, 2008), others do not (Akcay &
Hazeltine, 2011; Funes, Lupianez, & Humphrey, 2010).
These mixed results question the notion that conflict adap-
tation reflects sustained engagement of domain-general
cognitive control. However, such lack of adaptation may
be explained by an experimental-design artifact rather
than domain-specificity. Most studies failing to find
cross-task adaptation have used a paradigm in which sub-
jects encounter a single stimulus that merges two different
conflict sources (Akcay & Hazeltine, 2011; Egner et al.,
2007; Funes et al., 2010). One example is the lateralized
presentation of a Stroop stimulus: whereas stimulus fea-
tures might induce conflict between color and word repre-
sentations, stimulus location might simultaneously elicit
Simon-like conflict (stimulus location conflicts with re-
sponse-button location). Because conflict could occur in
either task alone or in both tasks concurrently, some incon-
gruent trials may produce less conflict than others. Con-
sider a case where stimulus location conflicts with
response-button location (incongruent Simon) but stimu-
lus color and word meaning converge (congruent Stroop).
It is possible that the Simon-conflict is opposed by the
Stroop-congruency, thus eliciting a relatively weaker con-
flict signal that may be insufficient to engage sustained
cognitive control across trials (Stroop-conflict may also
be opposed by Simon-congruency in a similar manner).
In other words, some conflict trials in this design may gen-
erate weaker conflict signals than those in within-task de-
signs, thereby masking cross-task adaptation effects.

Consequently, we revisit the question of domain-gen-
eral cognitive control using a cross-task adaptation design
that circumvents the aforementioned methodological issue
(but see Egner, 2008). Moreover, our study addresses lim-
itations in prior studies that have observed cross-task
adaptation. For instance, most studies have tested adapta-
tion effects across Stroop, Flanker, and Simon tasks, which
share the need to overcome stimulus–response conflict.
Given this similarity, it remains unclear how far conflict
adaptation extends. Here we ask, can behavioral adjust-
ments be observed across syntactic and lexical domains
and across perceptual and verbal domains, where task de-
mands and stimulus characteristics are wildly different?

We hypothesize that two tasks sharing conflict-control
demands, regardless of apparent dissimilarities, should
yield conflict adaptation—the engagement of online adjust-
ments that generalize from one task to another. Demon-
strating that conflict detection in one task facilitates
conflict resolution in a different task would provide strong
evidence for domain-general cognitive control, since cross-
task adaptation should occur only as a result of the activa-
tion of cognitive control resources that operate across both
task-domains. We selected well-established tasks known
to elicit conflict: in Experiment 1, reading syntactically
ambiguous sentences that generate temporary misinter-
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pretation (Garnsey, Pearlmutter, Myers, & Lotocky, 1997),
and in Experiment 2, passively viewing a bistable figure
(Necker cube) that induces perceptual ambiguity (Kornme-
ier & Bach, 2005; Long & Toppino, 2004). We measured
adaptation effects on the Stroop task because its behavioral
profile is well understood, and it is widely used in studies
of cognitive control and conflict adaptation (see Section 2.4
for additional information). Across these experiments, we
tested if conflicts arising in syntactic and perceptual do-
mains influence performance, via conflict adaptation, in a
non-syntactic, verbal domain (i.e., Stroop).
3 We also analyzed RTs by removing outliers rather than resetting them
to the 2.5 SD value. Both analyses yielded the same pattern of results;
therefore, only those from the resetting method are reported.
2. General method

2.1. Overview

All subjects performed two tasks: a color–word Stroop
task and either a sentence-processing (Experiment 1) or
perceptual-processing task (Experiments 2 and 3). Further-
more, all tasks included both no-conflict (congruent or
unambiguous) and high-conflict (incongruent or ambigu-
ous) trials. To match the terminology used for Stroop trials,
we describe both unambiguous sentences and unambigu-
ous Necker stimuli as ‘‘congruent’’ and both ambiguous
sentences and ambiguous Necker stimuli as ‘‘incongruent.’’
Trial sequences were pseudo-randomized to yield four
conditions, where the conflict adaptation status of each
Stroop trial was determined by its preceding sentence or
Necker trial: congruent–congruent sequences (CC); incon-
gruent–congruent sequences (IC); incongruent–incongru-
ent sequences (II), and congruent–incongruent sequences
(CI). Given the typically robust finding of within-task con-
flict adaptation and our primary interest in cross-task
adaptation, we focus all analyses and discussions on
cross-task effects, although we included both within- and
cross-task sequences to prevent subjects from predicting
upcoming trial types (44% within-task sequences and 56%
cross-task sequences).

2.2. Subjects

Villanova University undergraduates were tested indi-
vidually and participated for course credit (n = 41 in Exper-
iment 1; n = 28 in Experiment 2; n = 15 in Experiment 3).
One subject in Experiment 1 failed to complete the study
and was excluded from analyses. All subjects provided in-
formed consent before testing.

2.3. Procedure

On Stroop trials, subjects used their dominant hand to
identify via button press the ink color of color words as
quickly and accurately as possible. Three adjacent keys
on the computer keyboard were labeled with color patches
that corresponded to the potential color responses. Color
names matched ink colors on congruent trials (i.e., the
words ‘‘blue,’’ ‘‘green,’’ and ‘‘yellow’’ in blue, green, and yel-
low ink, respectively) but mismatched on incongruent tri-
als. Furthermore, only response-ineligible color names
were used in the incongruent condition, wherein the
printed color term does not match a color in the response
set (i.e., the words ‘‘brown,’’ ‘‘orange,’’ and ‘‘red’’ in blue,
green, or yellow ink). Crucially, these trial types generate
conflict at the representational (stimulus) level, rather
than at the response level (Milham et al., 2001; but see
van Veen & Carter, 2005). We measured response times
(RT) in milliseconds and accuracy on all Stroop trials.
Stroop stimuli subtended a vertical visual angle of 2.4�
and horizontal visual angle of 3.6–4.8�. Prior to the exper-
imental trials, subjects in all three experiments completed
practice trials in order to become familiar with the tasks.
2.4. Data analysis

As described earlier, given the typically robust finding
of within-task conflict adaptation and our primary interest
in cross-task adaptation, we focus all analyses and discus-
sions on cross-task effects. Particularly, we examined per-
formance on Stroop trials that followed sentences
(Experiment 1) or Necker-cubes (Experiments 2 and 3).
We restricted analyses to Stroop trials because it is well-
established that accuracy and RT on incongruent Stroop
trials directly index conflict resolution (for review, see
MacLeod & MacDonald, 2000). In order to output a correct
response, subjects must resolve the conflict between the
font color (correct response) and the word meaning (incor-
rect response). In contrast, although it is well documented
that syntactically ambiguous sentences (Garnsey et al.,
1997) and perceptually bistable figures induce conflict
(Kornmeier & Bach, 2005; Long & Toppino, 2004), the
behavioral measures that indicate conflict resolution on
these tasks are less clear (e.g., readers do not always fully
recover the correct interpretation of temporary ambigui-
ties, Christianson, Hollingworth, Halliwell, & Ferreira,
2001; Ferreira, Christianson, & Hollingworth, 2001). Thus,
examining Stroop trials that were preceded by sentences
or Necker cubes allowed us to be confident that behavioral
performance indexed conflict resolution, precisely the pro-
cess targeted in conflict adaptation phenomena.

For RT analyses, only correct trials were included. To re-
duce the influence of outliers, we replaced any RTs that fell
2.5 standard deviations (SD) beyond each subject’s mean
with the 2.5 SD threshold value.3 For all accuracy data, we
conducted Analyses of Variance (ANOVAs) on both raw pro-
portions (p) and arcsin transformed proportions [arc-
sin((2 � p) � 1)] to adjust for data being bounded at 0 and
1. For clarity, we report statistical values from untrans-
formed data. Importantly, both analyses yielded the same
pattern of results.
3. Experiment 1

The design of Experiment 1 was motivated by data in
the neurocognitive literature demonstrating the following
findings: (1) co-localized BOLD activity in regions within
left ventrolateral prefrontal cortex (VLPFC) during healthy



640 I.P. Kan et al. / Cognition 129 (2013) 637–651
adults’ performance of both a color–word Stroop task and a
language comprehension task involving syntactic conflict
(January, Trueswell, & Thompson-Schill, 2009; Ye & Zhou,
2009), and (2) concomitant deficits in a left VLPFC patient,
who showed inflated susceptibility to conflict during non-
syntactic and syntactic tasks alike (Novick, Kan, Trueswell,
& Thompson-Schill, 2009). Together, these results suggest
a shared cognitive control system that functions across
syntactic and non-syntactic domains with common behav-
ioral and cortical underpinnings. As such, one might expect
the detection of conflict in the syntactic domain to initiate
behavioral adjustments in cognitive control that positively
influence conflict resolution in a non-syntactic domain,
thus yielding cross-task adaptation effects. Such evidence
of behavioral tuning across tasks that are ostensibly differ-
ent in stimulus characteristics and goals (reading compre-
hension versus color naming) would provide strong
evidence for the existence of a general-purpose cogni-
tive-control system.

3.1. Materials and procedure

Subjects completed pseudo-randomly intermixed
Stroop and sentence-processing trials. Participants read
the sentences in a self-paced fashion by pressing the space-
bar to reveal one word at a time (a common psycholinguis-
tics technique known as the moving-window procedure,
Just, Carpenter, & Woolley, 1982).

Sentences were based on materials in Garnsey et al.
(1997); half were temporarily ambiguous (incongruent)
and half were unambiguous (congruent). Whereas incon-
gruent sentences yield brief misinterpretation and subse-
quent attempts to revise—a process previously tied to
domain-general conflict-resolution functions—congruent
sentences neither cause misinterpretation nor elicit cogni-
tive-control supported reanalysis (Novick, Trueswell, &
Thompson-Schill, 2005). For example:

(a) The basketball player accepted the contract would
have to be negotiated. (Temporarily Ambiguous/
Incongruent)

(b) The basketball player accepted that the contract
would have to be negotiated. (Unambiguous/
Congruent)

In (a), because the verb ‘‘accept’’ frequently co-occurs
with direct objects, readers rapidly commit to a direct-ob-
ject interpretation (that the player agreed to a new con-
tract). However, upon encountering conflicting evidence
like ‘‘would have,’’ which signals that the direct-object
analysis is wrong, readers slow down to revise their mis-
analysis. Such increased reading times at the disambiguat-
ing region suggest that readers experience temporary
processing difficulty (conflict) and attempt to override
their initial, incorrect direct-object interpretation to cap-
ture the alternative complement-clause analysis (‘‘. . .the
contract would have to be negotiated’’; Garnsey et al.,
1997; Novick, Thompson-Schill, & Trueswell, 2008). Cru-
cially, inserting ‘‘that’’ in (b) removes the conflict and
forces the complement-clause interpretation; readers
therefore experience little processing difficulty (Trueswell,
Tanenhaus, & Garnsey, 1994). In sum, readers must over-
ride their bias for the direct-object interpretation in incon-
gruent sentences but not congruent ones. Like incongruent
Stroop trials, incongruent sentences recruit cognitive con-
trol to resolve competing analyses (January et al., 2009).

We pseudo-randomized 162 experimental trials (60
congruent Stroop, 60 incongruent Stroop, 21 congruent
sentences, 21 incongruent sentences) to yield four condi-
tions: CI, CC, II, IC. Twenty-nine filler sentences were also
included to minimize the salience of the experimental sen-
tence-type manipulation and therefore expectation-driven
strategies; all fillers were syntactically unambiguous and
contained different grammatical constructions. To ensure
that subjects read the sentences, comprehension probes
were included after ten filler sentences. We necessarily
did not include probes after experimental sentences be-
cause introducing them before a Stroop trial could disrupt
cross-task cognitive control engagement.

Each trial began with a 500-ms fixation, which was re-
placed by either a Stroop or sentence stimulus, followed by
a 1000-ms inter-trial interval (ITI). Stroop stimuli re-
mained on-screen for 1000 ms. Sentences began with a full
mask (a string of dashes replacing the letters of all words)
until subjects pressed the spacebar to begin reading word-
by-word. As each new word appeared, the prior word was
again masked. For fillers with comprehension probes, a
true/false statement appeared 1000 ms after the sentence’s
offset and remained on-screen until subjects responded.
After a response, a blank screen appeared for 1500 ms be-
fore the next trial.

Prior to the experimental block with mixed sentence
and Stroop trials, subjects were first presented with 10
Stroop trials in order to learn the color response mappings.
Then they completed a baseline block of 145 Stroop trials
(intermixed congruent and incongruent). Subsequently,
subjects encountered a sample filler sentence that served
to demonstrate the moving-window presentation proce-
dure, followed by a practice block of 20 intermixed Stroop
and sentence trial sequences (using only ‘‘filler-like’’ sen-
tence items, without any ambiguity manipulation). The en-
tire experimental session lasted approximately 50 min.

3.2. Results

3.2.1. Sentence task
To confirm that subjects read the sentences, we ana-

lyzed comprehension probe accuracy. One subject’s data
were removed because of chance-level performance
(50%) in the comprehension task. The remaining partici-
pants (n = 39) scored at or above 70% (M = .90, SD = .09).

We validated the efficacy of the ambiguity manipula-
tion by examining residual reading times (i.e., reading
times adjusted for region length) in the disambiguating
region, which contained evidential conflict (e.g., ‘‘would
have’’). Specifically, raw (actual) reading times 2.5 SDs be-
yond a subject’s mean across all conditions were replaced
with the 2.5 SD cutoff value. For every subject, we derived
a regression equation for each sentence-region position
(e.g., first word, second word, etc.) that predicted raw read-
ing times from region length in number of characters. We
subtracted each subject’s predicted reading time from his



Fig. 1. Mean proportion of correct Stroop trials in Experiment 1, as a
function of preceding sentence congruency and current Stroop trial type.
Error bars represent 1 standard error (SE) of the mean.

Table 1
Means (standard deviations) and 95% confidence intervals for accuracy
(proportion correct) and reaction time (in milliseconds) for the four
experimental conditions in Experiment 1.

Condition Accuracy Reaction time

M (SD) 95% CI M (SD) 95% CI

CC .97 (.04) [.96, .99] 673 (101) [640,706]
CI .94 (.09) [.91, .97] 716 (85) [688,743]
IC .97 (.06) [.95, .99] 685 (105) [651,719]
II .97 (.07) [.95, .99] 699 (86) [671,726]
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or her actual reading time to acquire the residual reading
time value (Ferreira & Clifton, 1986). For multiple-word re-
gions, we obtained reading times by averaging across
words in the region (see Table A1 in the Appendix for a
breakdown of the regions of interest).

Consistent with prior findings (e.g., Garnsey et al.,
1997), the ambiguity effect (incongruent versus congruent)
on residual reading times was significant in the temporar-
ily ambiguous (‘‘the contract’’: t(38) = 4.53, p < .001) and
disambiguating regions (‘‘would have’’: t(38) = 2.53,
p = .02), but not in any other sentence regions (see Appen-
dix; Table A1). Thus, readers experienced brief processing
difficulty, indexed by reliably increased reading times,
selectively in these regions relative to unambiguous base-
line sentences. This pattern is important to demonstrate
because we would not expect behavioral adjustments
(i.e., conflict adaptation) on the Stroop task if subjects did
not experience significant syntactic conflict on preceding
sentence trials.

3.2.2. Stroop accuracy
As can be seen in Fig. 1, the congruency of the preceding

sentence modulated Stroop performance; specifically,
accuracy was higher on incongruent Stroop trials when
they followed incongruent as compared to congruent sen-
tences (see Table 1 for data summary). Following the exist-
ing literature, we evaluated this observation of conflict
adaptation with a 2 (preceding trial congruency) � 2 (cur-
rent trial congruency) repeated-measures ANOVA, includ-
ing only Stroop trials that followed sentence trials.4

Confirming the pattern illustrated in Fig. 1, we found a
significant interaction between preceding and current trial
types (F(1,38) = 6.22, p = .02). To investigate this interac-
tion, we assessed the magnitude of the Stroop interference
effect (incongruent minus congruent) as a function of pre-
ceding sentence congruency. Conflict adaptation would be
evident if the Stroop-conflict effect was smaller for trials
following incongruent sentences (II minus IC) than congru-
ent sentences (CI minus CC; Nieuwenhuis et al., 2006). In-
deed, whereas the Stroop-conflict effect was significant
4 Due to programming error, one congruent sentence was missing the
last word for half the participants (n = 19); consequently, both the sentence
and subsequent Stroop trial (CI) were removed from analyses.
when the preceding sentence was congruent (CI minus
CC; Mdifference = .03, t(38) = 2.243, p = .03), Stroop-conflict
was eliminated when the preceding sentence was incon-
gruent (II minus IC; Mdifference = .00, t(38) = �0.26, p = .80).
Importantly, this adaptation was due to enhanced perfor-
mance on II over CI sequences (i.e., adaptation to conflict
following an incongruent sentence, t(38) = 2.534, p = .02),
not CC over IC sequences (i.e., congruency facilitation,
t(38) = 0.467, p = .64). Finally, neither the main effects of
preceding trial (F(1,38) = 2.17, p = .15) nor current trial
types reached significance (F(1,38) = 2.27, p = .14).

3.2.3. Stroop reaction time
As depicted in Fig. 2, the congruency of the preceding

sentence modulated Stroop RT, replicating the patterns ob-
served in the accuracy data (see Table 1 for data summary).
This observation was supported by a repeated-measures
ANOVA that resulted in a significant preceding � current
trial type interaction (F(1,38) = 10.26, p < .01). A compari-
son of Stroop-conflict effects revealed significant cross-
task conflict adaptation: whereas the conflict effect was
significant when the preceding sentence was congruent
(Mdifference = 43 ms, t(38) = 5.87, p < .001), it was only
marginal when the preceding sentence was incongruent
(Mdifference = 13 ms, t(38) = 1.84, p = .07). Consistent with
the accuracy data, this cross-task RT adaptation is due to
enhanced performance on II over CI sequences
(t(38) = �2.81, p < .01), not CC over IC sequences
(t(38) = �1.53, p = .13). We also observed a significant
main effect of current trial congruency (F(1,38) = 25.09,
p < .0001) but not preceding trial congruency
(F(1,38) = 0.21, p = .65).

3.2.4. Exploratory analysis of conflict adaptation from non-
syntactic (Stroop) to syntactic (sentence) domain

As described earlier, we designed the study to measure
conflict adaptation effects on the Stroop task because of its
well-characterized behavioral profile. We did not intend to
explore adaptation on the parsing task because of ques-
tions surrounding the sensitivity and appropriateness of a
word-by-word reading paradigm to detect behavioral
adjustments in the syntactic domain (see also Section 6).
Although it is well documented that syntactically ambigu-
ous sentences induce processing difficulty due to conflict-
ing evidential sources (e.g., Garnsey et al., 1997; inter
alia), it is not clear that the associated behavioral measures
used during reading tasks (e.g., RTs between button
presses for each word presentation) actually index conflict
resolution, as effects of ambiguity have been shown to



Fig. 2. Mean RT in milliseconds on correct Stroop trials in Experiment 1,
as a function of preceding sentence congruency and current Stroop trial
type. Error bars represent 1 SE of the mean.
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‘‘linger’’ well after sentence offset (Christianson et al.,
2001; Ferreira et al., 2001). Nonetheless, it would be infor-
mative to know if Stroop-conflict detection affects the pro-
cessing of temporary syntactic ambiguities—that is, if we
can observe patterns indicative of conflict adaptation from
a non-syntactic to a syntactic task.

With the aforementioned caveats in mind, we con-
ducted a 2 (preceding Stroop congruency) � 2 (current
sentence congruency) repeated-measures ANOVA on resid-
ual reading times in the disambiguating region. Consistent
with the Stroop-adaptation patterns, performance on sen-
tence stimuli appears to be influenced by the congruency
status of the preceding Stroop trial: subjects experienced
less processing difficulty (indexed by shorter mean resid-
ual reading times) on incongruent sentences that followed
incongruent Stroop stimuli (M = 1.8 ms, SD = 27) compared
to those that followed congruent Stroop stimuli (M = 7 ms,
SD = 28). Although suggestive, the interaction between
preceding and current trial types did not reach significance
(F(1,38) = 2.06, p = .16).

One possibility is that the interval between the offset of
the incongruent Stroop trials and the onset of the (rela-
tively late) disambiguating regions of the subsequent
incongruent sentences is sufficiently long (Mduration =
4250 ms) such that cognitive control benefits have dissi-
pated (see Egner, Ely, & Grinband, 2010). Lending further
support to this possibility, in the Sentence-to-Stroop se-
quences reported above (in which conflict adaptation is
reliably observed), the interval between the offset of the
disambiguating region and the subsequent Stroop stimulus
is substantially shorter (Mduration = 2877 ms) and in the
range of previously-reported refractory periods of within-
task adaptation effects (Egner et al., 2010; Notebaert, Ge-
vers, Verbruggen, & Liefooghe, 2006; Wuhr & Ansorge,
2005). Moreover, there is extensive intervening material
to process between Stroop offset and the conflict regions
of the sentences (e.g., ‘‘The basketball player accepted the
contract. . .’’), and it is reasonable to assume that this infor-
mation affects the engagement of conflict adaptation pro-
cesses, such that the reliability of the effect is dampened.
Future studies that manipulate the locus of the disambigu-
ating region within the incongruent sentences will be
instructive, as will testing adaptation in more sensitive
environments during syntactic tasks. We return to these
considerations in Section 6.
3.3. Discussion of Experiment 1

Our present finding that readers’ detection of syntactic
conflict can reliably engage cognitive control to influence
conflict resolution on a subsequent, non-syntactic task is
novel. This pattern strongly suggests that the underlying
conflict-control mechanisms that modulated performance
in both accuracy and response time are general-purpose
in nature, despite otherwise superficial dissimilarities be-
tween the tasks. This finding also extends previous work
demonstrating shared conflict resolution and cognitive
control mechanisms between syntactic and non-syntactic
domains that are commonly supported by posterior re-
gions within VLPFC (January et al., 2009; Novick, Trueswell,
& Thompson-Schill, 2010).

Although the sentence-processing and Stroop tasks
have substantially different stimulus characteristics (col-
ored words, whole sentences) and task requirements (color
naming, sentence reading), both are verbal in nature. Thus,
while we demonstrated behavioral adjustments from a
syntactic to a non-syntactic domain, one might argue that
this effect simply reveals adaptation within the verbal do-
main. To test if the boundary for conflict adaptation ex-
tends beyond verbal stimuli, Experiment 2 examined
conflict adaptation from a perceptual task to a verbal task.
4. Experiment 2

If conflict adaptation is mediated by domain-general
cognitive control, then ambiguity experienced in a percep-
tual domain should trigger cognitive control and initiate
behavioral adjustments in the verbal domain. Thus, we
tested conflict adaptation from a non-verbal task that in-
duces perceptual ambiguity—passively viewing a bistable
Necker Cube (Necker, 1832)—to the Stroop task. We chose
the Necker stimulus for three reasons. First, as shown in
Fig. 3, the set of overlapping squares can induce two differ-
ent three-dimensional percepts: either right-downward or
left-upward facing squares. Ample evidence confirms that
although the physical stimulus never changes, observers
reliably perceive alternations during passive viewing (for
a review, see Toppino & Long, 2005). Second, we did not in-
struct subjects to maintain a stable percept; we simply
asked them to indicate whenever the percept ‘‘reverses.’’
We reason that this should allow us to evaluate if merely
experiencing conflict (as opposed to resolving conflict) on
the first task is sufficient to trigger cognitive control and
for adaptation to emerge. Finally, the number of perceived
reversals induced by the Necker stimulus varies across
subjects (Liebert & Burk, 1985; Porter, 1938). Such individ-
ual differences allow us to evaluate if the magnitude of
conflict adaptation depends on the degree of ambiguity
experienced, indexed by the number of reversals. We
hypothesized that the greater the ambiguity experienced,
the larger the adaptation effect.
4.1. Materials and procedure

Subjects passively viewed congruent and incongruent
Necker stimuli, pseudo-randomly intermixed with Stroop
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stimuli. On all Necker trials, subjects used their non-dom-
inant hand to indicate via button press the perceived ori-
entation of the overlapping squares. (By using their non-
dominant hand on Necker trials, subjects could use their
dominant hand to respond to the Stroop trials, which were
of primary interest, thereby removing the need to use the
same hand to map multiple response options.) Addition-
ally, on incongruent Necker trials, subjects indicated via
button press how they initially perceived the orientation
and also whenever their percept changed, which allowed
us to tally the number of reversals experienced. Two adja-
cent keys on the computer keyboard were labeled with
pictures of the unambiguous versions of the stimuli (see
Fig. 3b and c), enabling subjects to clearly and distinctly
map their percept to an exact response. Prior to the exper-
imental block, subjects were first familiarized with the nat-
ure of the Stroop task and the bistable version of the
Necker figure with practice trials—10 Stroop trials (5 con-
gruent and 5 incongruent intermixed) and seven Necker
trials (4 congruent and 3 incongruent intermixed). Each
Necker stimulus subtended a visual angle of 3� vertically
and horizontally. A baseline block of 54 Stroop trials (con-
gruent and incongruent intermixed) was then presented.

Two hundred total trials were included in the experi-
mental block. To generate the four experimental condi-
tions, we pseudo-randomized 48 congruent Necker trials
(24 up, 24 down), 28 incongruent Necker trials, 62 congru-
ent and 62 incongruent Stroop trials. Each trial began with
a 500-ms fixation, which was replaced by either a Stroop or
Necker stimulus. Stroop-trial timing was the same as
Experiment 1. Congruent Necker stimuli remained on-
screen for 1000 ms, followed by a 1000-ms ITI. Incongruent
Necker stimuli remained on-screen for 90 s, a duration that
is sufficiently long for eliciting a range of perceptual rever-
sals across individuals (T. Toppino, personal communica-
tion, April 18, 2011). The next trial began after a 1000-
ms ITI.
4.2. Results

4.2.1. Necker task analyses
We calculated each participant’s mean number of rever-

sals across all incongruent Necker trials to index individual
variation in the degree of ambiguity experienced. Subjects
were divided into ‘‘high-reversal’’ (M = 31.8 reversals,
SD = 8.3) and ‘‘low-reversal’’ (M = 16.3 reversals, SD = 3.9)
Fig. 3. The (a) bistable version of the Necker figure can be perceived as a
set of overlapping squares facing either (b) a right-downward direction or
(c) a left-upward direction. In Experiment 2, bistable (incongruent)
Necker stimuli were presented as illustrated in (a). Congruent Necker
trials, by contrast, were presented as illustrated in (b) and (c), that is,
unambiguously facing one or the other direction.
groups based on a median-split of the data (t(26) = 6.30,
p < .001).

4.2.2. Stroop accuracy
For all analyses, we included only Stroop trials that fol-

lowed Necker trials. As illustrated in Fig. 4a and b, preced-
ing (Necker) trial type influenced current Stroop trial
accuracy for high-reversal subjects but not for low reversal
subjects (see Table 2 for data summary). This observation
was confirmed with a 2 (preceding trial type, within-sub-
jects) � 2 (current trial type, within-subjects) � 2 (reversal
group, between-subjects) mixed ANOVA. Critically, a sig-
nificant 3-way interaction emerged (F(1,26) = 6.73,
p = .02), suggesting that Stroop performance was reliably
influenced by both Necker congruency and number of
reversals experienced. Additionally, the preceding
trial � reversal group interaction (F(1,26) = 7.13, p = .01)
and main effect of current trial type (F(1,26) = 9.63,
p = .005) were significant. No other effects reached signifi-
cance (all ps > .10).

Further corroborating these patterns, a significant
preceding trial � current trial type interaction emerged
for high-reversal subjects (F(1,13) = 8.37, p = .01) but not
for low-reversal subjects (F(1,13) = 0.48, p = .50). Specifi-
cally, for high-reversal subjects, Stroop-conflict was signif-
icant when the preceding Necker trial was congruent
(Mdifference = .16, t(13) = 3.16, p < .01) but not when it was
incongruent (Mdifference = �.03, t(13) = �0.74, p = .47), con-
firming significant cross-task adaptation. Additionally,
high-reversal participants were significantly more accurate
on II than CI sequences (Mdifference = .18, t(13) = 3.88,
p = .002) but performed equivalently on IC and CC se-
quences (Mdifference = .01, t(13) = �0.16, p = .88), suggesting
that the locus of adaptation is enhanced Stroop perfor-
mance following incongruent Necker trials. Lastly, signifi-
cant main effects of preceding trial (F(1,13) = 7.6, p = .02)
and current trial types (F(1,13) = 4.71, p = .05) were found.
Conversely, low-reversal subjects did not demonstrate
conflict adaptation (preceding trial � current trial interac-
tion, F(1,13) < 1). Although they exhibited a significant
main effect of current trial type (F(1,13) = 4.94, p = .04),
demonstrating the classic Stroop effect, the preceding trial
main effect did not reach significance (F(1,13) = 1.98,
p = .18).

We also included mean number of reversals as a contin-
uous variable to test the relation between perceived ambi-
guity and conflict adaptation (II minus CI accuracy). We
chose this measure of conflict adaptation because, as de-
scribed above, the adaptation effect is isolated to perfor-
mance gains on current incongruent trials (i.e., II versus
CI). Fig. 5 shows that as the number of perceived reversals
increased, so did the magnitude of conflict adaptation,
which resulted in a significant positive correlation be-
tween the two variables (r = .41, p = .03; Fig. 5). Together,
the individual differences patterns suggest that cross-do-
main adaptation depends on the strength of the initial
conflict.

4.2.3. Stroop RT
A 2 (preceding trial type) � 2 (current trial type) � 2

(reversal group) mixed ANOVA revealed the following



Fig. 4. Mean proportion of correct Stroop trials in Experiment 2, as a
function of preceding Necker and current Stroop trial types, and reversal
groups: (a) high-reversal group and (b) low-reversal group. Error bars
represent 1 SE of the mean.

Table 2
Means (SD) and 95% confidence intervals for accuracy (proportion correct)
and reaction time (in milliseconds) by conflict adaptation condition and
reversal group in Experiment 2.

Condition Accuracy Reaction time

M (SD) 95% CI M (SD) 95% CI

High-reversal group
CC .87 (.09) [.82, .92] 705 (61) [670,740]
CI .71 (.14) [.63, .79] 751 (59) [718,785]
IC .86 (.16) [.77, .96] 713 (90) [661,765]
II .89 (.09) [.84, .95] 743 (53) [713,774]

Low-reversal group
CC .84 (.22) [.71, .96] 726 (59) [692,760]
CI .79 (.21) [.67, .92] 775 (59) [741,809]
IC .78 (.19) [.67, .90] 769 (89) [718,821]
II .70 (.24) [.56, .83] 802 (67) [763,841]

Fig. 5. Scatterplot of the relation between mean number of reversals on
incongruent Necker trials and conflict adaptation effect on the Stroop task
(r = .41, p = .03), measured by CI accuracy subtracted from II accuracy. A
positive difference thus indicates that subjects were more accurate on II
than on CI trials. The scatterplot suggests that the data are not
homoscedastic; thus we report a Spearman rank correlation as well
(rspearman = .52, p < .01).
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significant effects: preceding trial � reversal group interac-
tion (F(1,26) = 6.20, p = .02), main effects of preceding trial
(F(1,26) = 6.35, p = .02) and current trial (F(1,26) = 22.33,
p < .0001), and a marginal main effect of reversal group
(F(1,26) = 3.29, p = .08). No other effects reached signifi-
cance (ps > .30).

To examine the significant preceding trial � reversal
group interaction on Stroop RT performance, we conducted
separate pairwise comparisons for each group. Whereas
low-reversal subjects were significantly slower on Stroop
trials that were preceded by incongruent Necker trials
(M = 783 ms, SD = 74) than congruent Necker trials
(M = 750 ms, SD = 52.28, t(13) = �3.01, p < .01), high-
reversal subjects performed equivalently across both
sequence types (Mprevious-incongruentNecker = 729 ms, SD = 54.50,
Mprevious-congruentNecker = 727 ms, SD = 53.01, t(13) = �0.16,
p > .85).

Finally, although a correlation between the mean num-
ber of reversals and conflict adaptation failed to reach sig-
nificance (r = .27, p = .17), the direction of the relationship
patterned with the accuracy data.
4.2.4. Exploratory RT analysis
Although the 3-way interaction on RT did not reach sig-

nificance, given the significant 3-way interaction on accu-
racy, we explored potential differences in magnitude of
conflict adaptation as a function of reversal group. As sum-
marized in Table 2, high-reversal subjects were numeri-
cally faster on II (743 ms) than CI Stroop trials (751 ms).
In contrast, low-reversal subjects were numerically slower
on II (802 ms) than CI Stroop trials (775 ms).
4.3. Discussion of Experiment 2

The significant cross-task adaptation finding in accu-
racy from a perceptual to verbal domain provides further
support for domain-general cognitive control. Additionally,
the individual differences data suggest that the extent of
cognitive control recruitment depends on the amount of
ambiguity experienced. We reason that cognitive control
recruitment occurs only when conflict is sufficiently high:
whereas high-reversal subjects were significantly more
accurate (and numerically faster) on II than CI sequences,
low-reversal subjects failed to exhibit cross-task adapta-
tion on either measure.

Low-reversal subjects, on the other hand, demonstrated
generally slower RTs on the Stroop task (regardless of
Stroop congruency) after incongruent Necker trials than
congruent ones. One explanation is that when conflict is
experienced, low-reversal subjects adopt a more cautious
approach by slowing down. However, this slowing does
not yield improved accuracy. Namely, conflict is detected
but may be insufficient for these subjects to engage those
control processes that underlie behavioral improvement.
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Since experiencing conflict necessarily depends on
one’s ability to monitor for and detect conflict in the first
place, these individual differences patterns raise the
intriguing possibility that adaptation effects might be as-
cribed in part to stable within-subject conflict-control abil-
ities that vary across the population. Indeed, it is
reasonable to assume that adaptation effects do not
emerge ‘‘in a vacuum,’’ independent of any connection to
cognitive control abilities beyond adaptation situations.
Rather, as we have argued, adaptation ought to emerge
only if conflict is sufficiently detected. Certainly, such
detection and one’s subsequent behavioral tuning should
be related to conflict detection and cognitive control skills
under other circumstances, as predicted by the conflict
monitoring account (Botvinick et al., 2001). To address this
post hoc, we tested whether the number of perceived
reversals is related to general conflict resolution perfor-
mance outside the context of adaptation. We obtained
such a measure by using the data from the baseline block
of Stroop trials (which were not intermixed with another
task, and also not arranged to test within-Stroop conflict
adaptation as sequence types were not manipulated). We
reasoned that accuracy on incongruent Stroop trials from
the baseline block would be an appropriate index of cogni-
tive control because correctly identifying the ink color
would necessitate successful resolution of conflict between
word meaning and ink color. Indeed, we found a trend for a
positive correlation between the number of perceived
reversals (a measure of conflict detection) and incongruent
Stroop accuracy (a measure of conflict resolution) in the
baseline block (r = .32, p = .10), suggesting that subjects
who experience more Necker reversals may also be better
at detecting and resolving Stroop conflict. Crucially, when
the same Necker-reversal analysis was performed using
accuracy on congruent Stroop trials from the baseline
block, no hint of a correlation was observed (r = �.01,
p = .94), suggesting specificity of the co-variation in perfor-
mance to conflict processing. These data suggest that, in
addition to amount of ambiguity experienced (indexed by
number of reversals), stable conflict-control abilities may
also predict conflict adaptation.

The primary goal of Experiment 2 was to examine if
conflict adaptation is observable from a non-verbal to a
verbal domain. Although subjects could potentially verbal-
ize Necker-figure orientations (e.g., saying ‘‘right down-
ward’’), we emphasize that the source of the ambiguity/
conflict in this task is perceptually-based, not verbally
mediated. Therefore, our findings support the notion of
cross-domain conflict adaptation.

There are several data patterns across Experiments 1 and
2 that are worth comparing. First, overall Stroop performance
differed across the two studies, with subjects in Experiment 1
(overall accuracy: M = .96, SD = .05; overall RT: M = 699 ms,
SD = 99 ms) outperforming subjects in Experiment 2 (overall
accuracy: M = .81, SD = .14; RT: overall M = 747 ms,
SD = 60 ms). This general performance difference may be
attributable to differences in task-switching cost. Given that
switch cost is modulated by task similarity, where the cost
decreases as task-similarity increases (Arrington, Altmann,
& Carr, 2003), it is unsurprising that switch cost (reflected
in Stroop performance) would be lower when switching
between two verbal tasks (Experiment 1) than between per-
ceptual and verbal tasks (Experiment 2). Importantly, this
performance difference across the studies does not impact
our interpretations or conclusions.

Second, in light of the individual differences found in
Experiment 2, one might ask whether a similar connection
might emerge in the data from Experiment 1, where indi-
vidual differences in syntactic processing difficulty (in-
dexed by mean residual reading times in the
disambiguating region) may predict conflict adaptation ef-
fects. We conducted post hoc analyses on both accuracy
and reaction times to explore this possibility. Furthermore,
for each dependent measure, we explored the effects by
treating syntactic conflict as both a categorical variable
and a continuous variable. All data patterns were consis-
tent; thus, for brevity’s sake, we discuss here only results
from the 2 (preceding trial type) � 2 (current trial
type) � 2 (syntactic conflict groups) mixed ANOVA on
Stroop reaction time. Subjects were divided into ‘‘high-
syntactic conflict’’ (M = 43 ms, SD = 27) and ‘‘low-syntactic
conflict’’ (M = �9 ms, SD = 43) groups based on a median-
split of the mean residual reading times in the disambigu-
ating region (t(37) = 4.49, p < .0001).

Of interest, we found a significant main effect of current
trial type (F(1,37) = 22.29, p < .0001), confirming the typi-
cal Stroop-conflict effect, where subjects were slower on
incongruent Stroop trials (M = 707 ms, SD = 83) than con-
gruent Stroop trials (M = 680 ms, SD = 100). We also found
a marginal effect of syntactic conflict groups
(F(1,37) = 3.71, p = .06), such that individuals who experi-
enced high syntactic conflict in the disambiguating region
(more processing difficulty) were slower on Stroop trials
than those who experienced low syntactic conflict (less
processing difficulty). Although the 3-way interaction
failed to reach significance (F(1,37) = 2.11, p = .15), it is
worth noting that the low syntactic conflict group had a
nominally larger conflict adaptation effect (MCI-II = 24 ms)
than the high syntactic conflict group (MCI-II = 3 ms).

One interpretation of this exploratory analysis is that
individuals who experience less processing difficulty on
ambiguous sentences (i.e., low syntactic conflict group) also
have enhanced cognitive control abilities, which results in
greater conflict adaptation benefits, whereas those who
experience more processing difficulty (high syntactic con-
flict group) may have poorer cognitive control. These sup-
positions are supported by two prior findings: (i) a
patient with a (non-syntactic) cognitive control deficit
within memory also exhibited a failure to revise parsing
misinterpretations following syntactic ambiguity (Novick
et al., 2009); and (ii) healthy adults who enhance conflict-
control procedures through extensive practice on a mem-
ory task also enhance syntactic ambiguity resolution func-
tions in real time by way of ‘‘transfer’’ (Novick, Hussey,
Teubner-Rhodes, Harbison, & Bunting, 2013). We return
to the issue of individual differences patterns across Exper-
iments 1 and 2 in Section 6.

Finally, a question central to our discussion about
behavioral adjustments due to sustained engagement of
cognitive control is whether the observed cross-task adap-
tation indeed reflects adaptation to conflict, or whether the
patterns merely reflect heightened arousal or attention



Table 3
Means (SD) and 95% confidence intervals for accuracy (proportion correct)
and reaction time (in milliseconds) by conflict adaptation condition in
Experiment 3.

Condition Accuracy Reaction time

M (SD) 95% CI M (SD) 95% CI

CC .92 (.10) [.87, .98] 666 (78) [621,711]
CI .89 (.11) [.82, .95] 726 (64) [689,763]
IC .72 (.18) [.63, .83] 886 (49) [860,917]
II .67 (.21) [.55, .79] 875 (39) [853,898]
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because of increased task difficulty. For instance, in Exper-
iment 2, one could argue that, compared to congruent
Necker trials, incongruent Necker trials were more effortful
and demanded more attention because they lasted for a
longer duration and required multiple responses through-
out a trial. We explored this alternative effort-related
explanation in Experiment 3, hypothesizing that greater ef-
fort alone, in the absence of conflict, should not trigger cog-
nitive control functions that operate across trials. In other
words, the experience of internal conflict should be critical
to showing adaptation effects; without it, behavioral
adjustments are not expected to occur.
5. Experiment 3

5.1. Materials and procedure

Experiment 3 was procedurally identical to Experiment
2, except that incongruent Necker trials in Experiment 2
were replaced with 90 s of alternating unambiguous Necker
cubes (with right-downward Necker and left-upward Neck-
er randomly intermixed). Subjects pressed a button when-
ever a stimulus change occurred. Importantly, these
alternating Necker trials were constructed to mimic the dis-
tribution of self-reported reversals in Experiment 2. That is,
the duration of each unambiguous stimulus varied and the
stimuli were distributed at variable intervals throughout
each trial. On average, subjects in Experiment 3 experienced
a similar number of exogenous reversals per trial (M = 27.6
reversals, SD = 1.4) as high-reversal subjects experienced
endogenously in Experiment 2. For the purpose of examin-
ing conflict adaptation on the Stroop task based on Neck-
er-related effort (as opposed to internal conflict), we
considered exogenous alternating trials as ‘‘incongruent’’
in our analyses. Concretely, an incongruent-incongruent se-
quence consisted of a 90 s-trial of alternating unambiguous
Necker stimuli followed by an incongruent Stroop trial.
Characteristics of the congruent trials were identical to
those of Experiment 2, and subjects completed the same
practice and baseline blocks as subjects in Experiment 2.

5.2. Results

5.2.1. Necker accuracy
To ensure that subjects stayed on task while tracking

the stimulus change on ‘‘incongruent’’ Necker trials, we
first calculated tracking accuracy for each individual. One
subject’s data were removed from analyses because of poor
performance on this straightforward task (61%). On aver-
age, the remaining subjects performed near ceiling
(M = .96, SD = .03), confirming that they indeed attended
to the perceptual changes that we intended through our
external manipulation.

5.2.2. Stroop accuracy
As in previous analyses, we analyzed only Stroop trials

that followed Necker trials. Mean proportion correct on
Stroop trials for the four experimental conditions are summa-
rized in Table 3. A 2 (preceding trial type)� 2 (current trial
type) repeated-measures ANOVA on proportion correct re-
vealed a significant main effect of preceding trial type
(F(1,13) = 17.65, p = .001), where subjects achieved signifi-
cantly higher accuracy on Stroop trials when the preceding
Necker trial was congruent (M = .90) than when the preced-
ing Necker trial was incongruent (M = .70). This suggests that
performing a more effortful task (i.e., ‘‘incongruent’’ Necker)
leads to worse performance on subsequent Stroop trials,
regardless of Stroop congruency. Furthermore, we also ob-
served a marginal main effect of current trial type
(F(1,13) = 3.34, p = .09), where subjects performed better on
current congruent trials (M = .83) than current incongruent
trials (M = .78). Importantly, the preceding trial type� cur-
rent trial type interaction failed to reach significance
(F(1,13) < 1), indicating that the tracking of perceptual alter-
nations by itself did not result in conflict adaptation.

5.2.3. Stroop RT
Mean RTs on correct Stroop trials are summarized in Ta-

ble 3. A 2 (preceding trial type) � 2 (current trial type) re-
peated-measures ANOVA on RTs revealed the following
significant effects: main effect of preceding trial type
(F(1,13) = 156.35, p < .001), main effect of current trial type
(F(1,13) = 6.71, p < .05), and an interaction
(F(1,13) = 11.06, p < .01). We probed this interaction by
assessing the magnitude of the Stroop conflict effect
(incongruent minus congruent) as a function of preceding
Necker congruency (i.e., same treatment as in Experiments
1 and 2).

Paired t-tests revealed a significant Stroop-conflict ef-
fect when the preceding Necker trial was congruent (CI
minus CC; Mdifference = 60 ms, t(13) = 3.71, p = .003) but
not when the preceding Necker trial was incongruent (II
minus IC; Mdifference = �11 ms, t(13) = �.90, p = .39). On
the surface, this overall pattern appears consistent with
conflict adaptation (i.e., smaller Stroop conflict following
incongruent Necker than congruent Necker trials); how-
ever, this ‘‘adaptation’’ was due to enhanced performance
on CC over IC sequences (i.e., congruency facilitation,
Mdifference = �220 ms, t(13) = �10.88, p < .001) and not
adaptation to conflict following Necker alternation track-
ing. Indeed, participants were significantly slower on II
trials than on CI trials (Mdifference = 149 ms, t(13) = 9.39,
p < .001), a pattern that is in the opposite direction of con-
flict adaptation.

5.3. Discussion of Experiment 3

The implication of these findings, alongside those of
Experiment 2, is that in order for performance adjustments
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to occur, a stimulus must induce an experience of internal
representational conflict such that domain-general cogni-
tive control mechanisms can be initiated. Indeed, our find-
ing of worse Stroop performance after exogenous reversal
trials, compared to after congruent Necker trials, is incon-
sistent with the proposal that greater effort alone can yield
conflict adaptation. This pattern, however, is consistent
with the notion that switching between two tasks incurs
a performance detriment (Monsell, 2003). As described
earlier, it is well documented that a behavioral cost (i.e.,
slower RT or lower accuracy) is associated with task
switching. According to Monsell, when changing tasks,
one must reconfigure the current task set (e.g., its goals,
task requirements) to suit the new task. Thus, it is conceiv-
able that the cost associated with switching tasks is mod-
ulated by time-on-task—namely, the longer an individual
is engaged in a particular task (e.g., Necker tracking), the
longer it is going to take to disengage from it and switch
to the second task (i.e., Stroop).

Moreover, our findings also discount the possibility that
the adaptation effect observed in Experiment 2 emerged
simply because of differences in stimulus duration across
congruent and incongruent Necker trials (1000 ms versus
90 s). This duration asymmetry was still present in the cur-
rent experiment, yet adaptation was not found. Thus, a
timing difference between congruent and incongruent
stimuli on the first trial of the sequence is inadequate to
account for conflict adaptation findings.

One potential limitation to Experiment 3 is that, be-
cause all subjects experienced the same number of exoge-
nous reversals, it is not possible to examine the effect of
the number of exogenous reversals on Stroop conflict res-
olution, as we did in Experiment 2. However, it is impor-
tant to note that, by design, the number of reversals
experienced in Experiment 3 approximated the average
number of reversals perceived by the high-reversal group
in Experiment 2. Since high-reversal subjects were the
ones who demonstrated conflict adaptation, we would ex-
pect the reversals in Experiment 3 to be sufficient to elicit
conflict adaptation if the effect were due to the mental ef-
forts associated with tracking of reversals alone. Instead,
we find no evidence for conflict adaptation in Experiment
3, suggesting that internal representational conflict is nec-
essary to induce adaptation effects.
6. General discussion

Across these studies, we provide strong evidence for do-
main-general cognitive control, revealed by cross-task
behavioral adjustments. Importantly, conflict adaptation
findings from a syntactic to non-syntactic domain, and
from a perceptual to verbal domain, are novel. Further-
more, in Experiment 2, the extent to which individuals
experienced perceptual ambiguity predicted the magni-
tude of their adaptation on the subsequent Stroop task,
suggesting that the extent of cognitive control engagement
and subsequent conflict adaptation depends on the
strength of the initial conflict. Taken together, these find-
ings suggest that conflict adaptation is due to the activa-
tion of domain-general cognitive control mechanisms.
To address the question of how far conflict adaptation
effects extend, we (by design) did not hold constant many
factors between the two studies, except, necessarily, the
Stroop task. Of course, one could reasonably argue that
the observed conflict adaptation effects on the Stroop task
in both experiments arise from different sources—parsing
misinterpretation in Experiment 1 and experiencing per-
ceptual ambiguity in Experiment 2—thereby complicating
the argument that any common effects can be ascribed to
a common mechanism. However, we believe that the large
differences in stimuli characteristics and task demands
across the two experiments are not only a strength of our
design, but are necessary to study the extent of domain-
general cognitive control. Critically, the Stroop task is iden-
tical across the two studies; as a result, performance adap-
tation on that task cannot be attributed to experimental
differences. We certainly could have titrated the stimulus
properties between the first two experiments in an at-
tempt to isolate the origin of the conflict that yields adap-
tation. But that was not our aim. Rather, the fact that we
employed wildly different tasks yet still find adaptation
to the same outcome measure (Stroop performance) re-
veals that the detection of conflict, despite apparent dissim-
ilarities in source, triggers a common control mechanism
that sustains engagement across qualitatively dissimilar
tasks. That sentence processing (syntactic conflict) and
Necker cube processing (perceptual ambiguity) similarly
influence subsequent Stroop performance strongly sug-
gests that a wide array of conflict types engage a do-
main-general system.

Another noteworthy finding is that simply experiencing
ambiguity appears sufficient to yield conflict adaptation.
Specifically, passively viewing an ambiguous Necker cube
does not require active conflict resolution (i.e., subjects
were not instructed to stabilize a percept, only to indicate
reversals), yet subjects still exhibited conflict adaptation
on the subsequent incongruent Stroop trials. These find-
ings suggest that conflict detection is domain-general and
may by itself elicit sustained cognitive control engage-
ment. We should qualify this interpretation with an impor-
tant caveat, however. Although subjects were not explicitly
directed to maintain a steady percept, it is entirely possible
that some individuals nevertheless tried, in which case
conflict resolution mechanisms might have engaged when-
ever the ambiguous image reversed.

Yet, regardless of how the reversals occurred, the out-
come remains unchanged: the number of reversals noted
(we argue) is an index of the amount of ambiguity experi-
enced, which in turn modulated the extent of the adapta-
tion effect. This suggests that conflict adaptation may be
susceptible to individual differences in conflict monitoring
and detection. Indeed, in a follow-up analysis, we found
that an individual’s reported number of Necker reversals
was related to his or her accuracy on incongruent Stroop
trials in a baseline block that includes only congruent
and incongruent Stroop trials (i.e., outside an adaptation
context).

Taken together, the individual differences data suggest
that both the extent of conflict experienced (Experiment
2) and individuals’ conflict-control abilities (Experiment
1) may contribute to conflict adaptation phenomena. We
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infer then that behavioral tuning following the detection of
conflict may depend, first and foremost, on cognitive con-
trol abilities. This may seem obvious, but the argument
warrants explanation, particularly with regard to the issue
of domain-generality. Conflict detection, regardless of its
domain of origin, is presumed to automatically trigger
shared cognitive control mechanisms, which mediate con-
flict resolution. On the baseline Stroop task, good perfor-
mance reflects subjects’ adequate monitoring, detection,
and resolution of the conflict—that is, good cognitive con-
trol ability outside adaptation contexts. As such, only those
individuals who reliably detect and resolve conflict across
tasks and events (e.g., Necker reversals and baseline Stroop
conflict) should be able to sustain cognitive control activity
that results in a significant trial-by-trial adaptation effect
when different conflict sources are intermixed. That high-
but not low-reversal subjects adjust behavior in this way
corroborates the hypothesis that adaptation effects occur
in connection to other cognitive control abilities and pro-
cedures, as predicted by the Conflict Monitoring Theory.

However, we wish to address further the inconsistent
findings related to individual differences across Experi-
ments 1 and 2. Generally, we have been arguing that the
detection of information-conflict in one domain (e.g., sen-
tence processing, perceptual processing) engages general-
purpose cognitive control functions that facilitate conflict
resolution on a subsequent task in a different domain. In
Experiment 2, we observed that those subjects who expe-
rienced the greatest perceptual conflict (high-reversal sub-
jects) demonstrated significant conflict adaptation
whereas those who experienced measurably less percep-
tual conflict (low-reversal subjects) subsequently exhib-
ited no reliable behavioral adjustments in cognitive
control. Yet a similar exploratory analysis in Experiment
1 (i.e., high syntactic conflict versus low syntactic conflict
subjects) revealed a non-significant pattern (see Sec-
tion 4.3). These inconsistencies require some explanation.
We believe there are a few candidate reasons why the
reading-time measure we employed might not reflect the
experience of conflict in the same way as the Necker-cube
reversal measure.

Firstly, because we used a self-paced, moving-window
paradigm (rather than eye-tracking, for instance), our
reading measure was necessarily limited to first-pass
times, which may not capture revision (i.e., control) pro-
cesses as much as second-pass or regression-path times.
In other words, since the moving-window paradigm does
not permit readers to return to earlier material, we do
not have any explicit measures of readers returning to pre-
vious sentence regions in search of information to help
them revise interpretations. Consequently, the moving-
window method is inevitably coarser-grain and less sensi-
tive to effects of revision per se and may thus be subopti-
mal for individual differences analyses aimed at revealing
subtle effects (see also Section 6.1).

Secondly, readers could have short reading times for a
variety of different reasons. Shorter reading times may re-
sult from: (a) a reduced direct object-bias, where little
revision would be needed to arrive at the correct sen-
tence-complement interpretation; it is possible that some
readers rely less on the lexical–syntactic constraints of
individual verbs due to differences in language experience
and exposure (see Novick et al., 2008); (b) a failure to de-
tect the ambiguity and arrive at the correct interpretation;
and/or (c) good cognitive control, such that resolution of
the ambiguity occurs more quickly, a proposal consistent
with what we outlined in Section 4.3. Whereas we would
expect less or no adaptation for readers in the cases of
(a) and (b), we would expect more adaptation for readers
in case (c). Unfortunately, it is impossible to distinguish
these different types of readers from our current data.
Moreover, we also are unable to determine if subjects cor-
rectly understood the syntactically ambiguous sentences
because comprehension probes were (inescapably) not
administered after these items so as not to disrupt cross-
task adaptation prior to a Stroop trial.

Thirdly, readers may experience conflict at different re-
gions of the sentence (as evidenced by the ambiguity effect
in both the ambiguous and disambiguating regions, see
Table A1). Thus, shorter reading times in the disambiguat-
ing region do not necessarily indicate that the reader did
not detect or experience the conflict, but might mean in-
stead that the reader experienced the conflict elsewhere
in the sentence. In sum, the individual differences patterns
in Experiment 1, while interesting, may not have been sig-
nificant for reasons having to do with sensitivity of the par-
adigm, variation in reading experience (and thus variation
in lexical-constraint use), differences in where the syntac-
tic conflict was detected, and/or differences in cognitive
control ability. Future work should attempt to disentangle
these alternative explanations.

Our results also make an important contribution to the
debate surrounding the locus of conflict adaptation effects.
One account suggests local or task-specific cognitive con-
trol, where control acts by suppressing a particular stimu-
lus (Egner, 2008; Notebaert & Verguts, 2008) or response
dimension (Hazeltine, Lightman, Schwarb, & Schumacher,
2011). For instance, a local control account might suggest
that in the sentence processing task in Experiment 1, cog-
nitive control operates by suppressing the tendency to
activate a direct-object interpretation when encountering
a direct-object biased verb; but this account does not ex-
plain how subjects would then be better at resolving con-
flict on the Stroop task, which does not involve verb bias of
any kind. Finally, the task-specific account cannot accom-
modate our findings of conflict adaptation across tasks
from distinct domains with non-overlapping stimulus
and response sets.

Another account of conflict adaptation posits that con-
flict adaptation does not reflect the sustained engagement
of cognitive control, but instead is an artifact of feature
binding (Hommel, 1998; Hommel et al., 2004), wherein
all attributes of a stimulus, including its associated re-
sponse mapping, are integrated into a single representation
of that stimulus. Under this theory, conflict adaptation ef-
fects could be ascribed to facilitation due to repetition
priming on congruency repetitions (e.g., two identical
incongruent trials) and interference due to partial stimulus
repetitions on congruency switches (e.g., repetition of the
word, but not the color from a congruent to an incongruent
trial). Though some studies report diminished or elimi-
nated conflict adaptation after removing repetition priming
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features (Akcay & Hazeltine, 2011; Mayr & Awh, 2009;
Mayr et al., 2003), others show that while repetition prim-
ing contributes to performance enhancement, it is unneces-
sary for adaptation to emerge (Clayson & Larson, 2011;
Fernandez-Duque & Knight, 2008; Gratton et al., 1992; Ull-
sperger, 2006). In our study, however, we observed cross-
task adaptation despite the fact that both complete and
partial stimulus repetitions are impossible. Thus, although
our study cannot discount the possibility that feature bind-
ing contributes to sequential modulations in typical single-
task designs, our results suggest that stimulus repetition is
not necessary for conflict adaptation to emerge. Rather,
across our studies, we demonstrated that deployment of
cognitive control resources is critical.

Our data also address whether conscious adjustment of
cognitive control is necessary for cross-task adaptation to
occur. Some claim that expectation or anticipation of fu-
ture conflict is necessary for prolonged cognitive control
engagement. Others argue that sustained cognitive control
is reactive, resulting from unconscious adaptation to a
heightened state of conflict detection (Fernandez-Duque
& Knight, 2008; Freitas et al., 2007). In our study, stimulus
types were pseudo-randomly intermixed and subjects
were not given cues about upcoming trials; sequence types
were therefore unpredictable. Consequently, our findings
suggest that, so long as conflict is sufficiently detected,
cognitive control can be engaged via reactive means alone
(see also van Gaal, Lamme, & Ridderinkhof, 2010).

If conflict adaptation entails the activation of domain-
general cognitive control mechanisms, then why is cross-
task conflict adaptation, like that observed in the present
study, so elusive (e.g., Akcay & Hazeltine, 2011; Egner
et al., 2007; Funes et al., 2010; Hyafil, Summerfield, &
Koechlin, 2009)? Despite our findings of domain-general
cognitive control in the current study, there are several
reasons why such a mechanism may not consistently yield
conflict adaptation, especially across tasks with different
demands. One possible reason is that domain-general cog-
nitive control may not be the only source that contributes
to conflict adaptation. For instance, as described earlier,
feature binding (Hommel, 1998; Hommel et al., 2004)
may strengthen within-task conflict adaptation effects by
facilitating responses to complete feature repetitions or
switches (on CC and II trials) and by interfering with re-
sponses to partial repetitions (on IC and CI trials). How-
ever, in many cross-task designs, even those trials
involving repetition of congruency (CC and II trials) may
contain partial feature repetitions, thereby requiring par-
ticipants to overcome the binding of the stimulus and re-
sponse characteristics. Take, for example, a Simon–Stroop
task where the word GREEN or RED written in green or
red font appears on either the right or left side of the
screen (Egner et al., 2007). Participants must respond to
the font color of the stimulus, with a left button press for
the color red and a right one for green. Here, a Stroop-to-
Simon II trial might involve the word GREEN in red font
appearing on the left (incongruent Stroop) followed by
the same stimulus appearing on the right (incongruent Si-
mon). Assuming that stimulus location is also an attribute
that is integrated into the stimulus representation, then
this II sequence involves only partial feature repetition
(i.e., word and color, but not location, are repeated), but re-
quires the same left button response; subjects must then
overcome their integrated representation of the previous
stimulus to output the same response on the second trial,
despite the repeated incongruency across the two tasks.
In this way, feature binding may counteract the effects of
domain-general cognitive control during some cross-task
adaptation designs.

6.1. Limitations and future directions

One limitation to the present study is that, although it
suggests that cognitive control operates across tasks from
different cognitive domains, it cannot determine whether
the same cognitive control mechanism resolves different
types of conflict, namely, representational or stimulus-level
conflict versus response conflict. Egner (2008; see also
Egner et al., 2007) argues that stimulus-based or represen-
tational conflict, which arises from competing attributes of
the stimulus itself (e.g., the word and the color in the
Stroop task), may be processed by a different mechanism
than response-based conflict, which originates from
incompatibility between an irrelevant stimulus attribute
and the response (e.g., the location of the stimulus and
the location of the correct response in the Simon task). In
all of our tasks, the initial source of conflict was represen-
tational in nature: in the sentence task, conflict stemmed
from two different interpretations of the sentence, one de-
rived from verb-frequency information and the other from
the syntactic structure; in the Necker task, conflict
emerged from two possible percepts of the same figure,
one pointing upwards, the other downwards; and in the
response-ineligible Stroop task, conflict results from two
competing representations of meaning, one indicated by
the word and the other by the font color. We showed that,
when tasks from different cognitive domains involve rep-
resentational conflict, cognitive control acts to resolve con-
flict across both domains. Thus, the possibility of distinct
cognitive control mechanisms supporting representational
and response conflict remains viable. Future studies should
clarify whether this domain-general cognitive control re-
source extends to response conflict, or is limited to repre-
sentational conflict.

In addition, an important way forward will be to deter-
mine whether these domain-general adaptation effects are
bidirectional. As noted earlier, the current experiments
were designed to test for behavioral adjustments on the
Stroop task only, because it is the canonical conflict-con-
trol task and therefore well-studied in the literature on
behavioral adaptation. Theoretically however, if cognitive
control processes are domain-general, then the detection
of Stroop conflict should also result in more efficient per-
formance on (for example) a task involving syntactic ambi-
guity resolution. Even though Experiment 1 was not setup
to test this directly, we explored the data in this way and
found a tantalizing trend, in which a garden-path effect
can in some measure be ‘‘nipped in the bud’’ when pre-
ceded by a (non-syntactic) Stroop-conflict trial, patterning
with the Sentence-to-Stroop adaptation effects. But the
finding was weak, presumably due to a number of factors,
including (i) late-arriving disambiguating evidence, which



Table A1
Mean outlier-replaced raw and residual reading times and ambiguity effect (ms) by sentence-type (Experiment 1). Negative residuals reflect faster reading
times than predicted; positive residuals reflect slower reading times than predicted.

Sentence type Word position

. . .accepted that the contract would have to be . . .

Mean raw reading times
Incongruent 427 433 418 462
Congruent 422 417 393 400 452
Difference (I � C) 5 40** 18* 10�

Mean residual reading times
Incongruent 2 20 9 5
Congruent �2 �20 �9 �5
Difference (I � C) 4 40** 18* 10�

** p < .01.
* p < .05.
� p < .1.
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readers may have encountered after some refractory peri-
od associated with adaptation, and also after processing a
lot of intervening information that likely mitigates the
engagement of adaptation mechanisms; (ii) the relatively
coarse-grain nature of a moving-window reading para-
digm, which may be too insensitive to uncover post-con-
flict behavioral tuning; and (iii) the possibility that
readers do not fully recover from the misinterpretation
(i.e., resolve the conflict), complicating how adaptation ef-
fects might manifest in reading time measures alone. Fu-
ture work therefore should test for adaptation effects
employing alternative paradigms that permit finer-grain
measurement, such as eye-tracking during reading or spo-
ken comprehension in which the experimenter collects fix-
ation information about subjects’ online parsing
commitments, as well as offline data about whether the
temporary misanalysis was in fact resolved (e.g., hand ac-
tions in the visual-world paradigm). Such research will
be informative both for theories of cognitive control and
also for psycholinguistic theories that attempt to elucidate
how language processing interacts with and may be af-
fected by other cognitive systems.

To close, we return to our original question: can conflict
adaptation be observed across perceptual, syntactic, and
lexical domains? Indeed, we demonstrated that despite
superficial dissimilarities (e.g., stimulus characteristics,
task goals and demands), conflict detection in one do-
main—be it syntactic or perceptual—triggers a common
control mechanism that enhances performance in an en-
tirely different (non-syntactic) domain.
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