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Highlights:

e The conflict monitoring hypothesis signals the need for cognitive control

e The Gratton effect is a key result attributed to the conflict monitoring hypothesis
e Some argue that controlling binding confounds eliminates the Gratton effect

o A Gratton effect remains in a vocal Stroop task after eliminating confounds

The Gratton effect, the observation that the size of the Stroop effect is larger following a
congruent trial compared to an incongruent trial, is one pivotal observation in support of
the conflict-monitoring hypothesis. Previous reports have demonstrated that non-conflict
components, such as feature binding, also contribute to this effect. Critically, Schmidt
and De Houwer (2011) report a flanker task and a button-press Stroop task suggesting
that there is no conflict adaptation in the Gratton effect; it is entirely caused by feature
binding. The current investigation attempts to replicate and extend this important finding
across two experiments using a canonical fourchoice Stroop task with vocal responses.
In contrast to Schmidt and De Houwer, we observe reliable conflict adaptation after
controlling for feature binding. We argue that the overall strength of conflict is critical
for determining whether a conflict adaptation component will remain in the Gratton effect
after explaining binding components.

Keywords: conflict monitoring, cognitive control, cognitive control mechanisms, Stroop effect, conflict adaptation,

Gratton effect, feature binding

INTRODUCTION

The Gratton effect (Gratton et al., 1992) refers to the finding that
congruency effects (i.e., Stroop and flanker effects) are reduced
following incongruent trials compared to congruent trials. The
most widespread explanation of the Gratton effect is the con-
flict adaptation hypothesis (Carter et al., 1998; Botvinick et al.,
2001, 2004), which states that response conflict from the previous
trial signals a need for control that manifests as a modulation of
response times and error rates on the subsequent trial. The net
result is that the size of the Stroop effect is larger following a con-
gruent trial than following an incongruent trial. First observed in
a flanker task (Eriksen and Eriksen, 1974), it has been observed in
many conflict tasks such as Stroop (Kerns et al., 2004; Mayr and
Awh, 2009) and Simon (Akgay and Hazeltine, 2007).

An account of the Gratton effect based solely on conflict adap-
tion is unlikely. Others have pointed out that binding effects,
namely feature repetition biases, also contribute to the Gratton
effect (Mayr et al., 2003; Hommel et al., 2004; Mayr and Awh,
2009). While there is considerable debate in the field, most
would acknowledge that any Gratton effect that remains after all
binding sources have been eliminated is consistent with conflict
adaptation.

Schmidt and De Houwer (2011) were the first to assess
two different binding effects, namely contingency biases and

congruency switch costs. They reported a Stroop and a flanker
experiment in which they eliminated three possible binding con-
founds: (1) feature repetition biases, (2) sequential contingency
biases, and (3) congruency switch costs. Controlling the first two
biases was sufficient to eliminate the Gratton effect in RTs for both
tasks, and errors in the flanker task. They attributed the remaining
Gratton effect in the error data for the Stroop task to a congruency
switch cost by showing that there was no congruency repetition by
congruency interaction (see below). Thus, the critical question is
whether there is indeed a Gratton effect after such sources have
been eliminated.

The implications of this finding are profound. The Gratton
effect is one of the key findings in support of the conflict-
monitoring hypothesis (Carter et al., 1998), and demonstrat-
ing that the Gratton effect is entirely the result of feature
binding would necessitate reinterpreting literally hundreds of
experiments. Therefore, the current paper reviews the three bind-
ing confounds, citing literature which shows that no one con-
found alone can explain the Gratton effect. We then attempt
to replicate Schmidt and De Houwer (2011), first by reanalyz-
ing data from a large-scale Stroop study (Blais et al., 2010),
and second with a new experiment. In contrast to the find-
ings reported by Schmidt and De Houwer, a robust Gratton
effect is observed reasserting that, at least in some tasks,
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conflict adaptation does contribute to the size of the Gratton
effect.

Schmidt and De Houwer (2011) provided an in depth discus-
sion of the following three confounds. They are briefly outlined
here to orient readers to the issues.

FEATURE REPETITIONS

Following Mayr et al’s (2003) seminal paper demonstrating that
feature repetitions cause the Gratton effect, it has become stan-
dard practice to, at the very least, eliminate complete repetitions
when both the target feature and distractor feature repeat on the
next trial. To eliminate all possible sources of feature repetitions
(i.e., target->target, distractor->distractor, target->distractor,
and distractor->target transitions), it is necessary to use at least a
four-choice task. Studies that have used both a four-choice task,
and eliminated all the feature repetition conditions tend to show
that, although the Gratton effect is reduced in size, it is not elim-
inated (e.g., in a Simon task: Akcay and Hazeltine, 2007; in a
flanker task: Verbruggen et al., 2006).

CONTINGENCY CONFOUNDS

Contingency biases are another confound that may also increase
the size of the Gratton effect. Participants are often presented with
color words in their congruent color more often than would be
expected by chance. These types of contingencies are problematic
because participants learn them and end up responding faster to
the high contingency trials (i.e., when the word is presented in its
most frequent color) compared to the low contingency trials (i.e.,
when the word is presented in a color other than its more frequent
color).

Mayr et al. (2003) manipulated proportion congruency
between subjects in a flanker task and reported an increase in
the size of the Gratton effect. In addition, Schmidt et al. (2007)
had subjects identify the color of a non-color word (e.g., MOVE).
Critically, the authors systematically paired how often each word
would appear in a specific color to create high and low con-
tingency items. For example, in the 75% contingent condition,
MOVE might appear in orange on 75% of trials and in red, blue,
or green on the remaining 25% of trials. Although there is no con-
flict per se, in addition to finding contingency effects (i.e., subjects
were faster to press the orange key if the word was MOVE com-
pared to any other word), they also observed a pseudo-Gratton
effect. That is, the contingency effect was larger if preceded by a
high contingency item in comparison to a low contingency item.

CONGRUENCY SWITCH COSTS

Schmidt and De Houwer (2011) proposed the congruency switch
hypothesis, a novel third confound against the conflict adapta-
tion account of the Gratton effect. The logic is similar to the
task-switch hypothesis (e.g., Monsell, 2003). In short, for an
incongruent trial, the system must select between two activated
response codes, and bind one to the color and the other to the
word. But, for congruent trials, the system simply binds the one
activated response code to both the color and the word. Thus, it
is conceivable that the system must be reconfigured to respond to
a congruent trial compared to an incongruent trial. If so, there
may be a cost associated with it. More generally, if even slightly

different strategies are used in response to congruent vs. incon-
gruent trials, then switching from one trial type to the next may
incur a cost.

To test if a congruency switch is contributing to the Gratton
effect, Schmidt and De Houwer (2011) suggest that “analyzing
congruency as a function of switch rather than n-1 congruency
should lead to roughly additive effect of congruency and switch.”
(p- 179). They noted that visual inspection of Freitas et al. (2007)
seems to support this hypothesis.

EXPERIMENT 1: A GRATTON ANALYSES OF Blais et al. (2010)
To summarize, there are at least three binding confounds that
preclude a conflict adaption hypothesis of the Gratton effect.
The evidence in the literature suggests that (1) feature repetitions
alone cannot account for a Gratton effect, (2) contingency effects
can lead to a pseudo-Gratton effect, and (3) there is speculative
evidence that congruency switch costs can yield a Gratton effect.

The current paper reports a series of new analyses from a
recent large-scale Stroop study which looked at the role of one’s
awareness of the proportion of congruent trials on the size of
the Stroop effect (Blais et al., 2010). Two important findings
emerge. First, when there is no contingency between the color and
the word (the 25% congruent condition), there is still a strong
Gratton effect after stimulus repetition trials are removed that
cannot be explained by a congruency switch. Second, across the
entire range of proportions between the 10 and 80% range, the
size of the Gratton effect is statistically equal both when stimu-
lus repetition trials are included, and excluded, from the analysis.
This finding suggests that color-word contingency plays no role
in the Gratton effect.

METHOD

For full methodological details, see Blais et al. (2010). Briefly,
fifteen subjects spent 8-10h in the lab performing 19,000 trials
in a vocal Stroop task. These trials were administered in blocks
of 100 trials across 19 different proportion congruency condi-
tions ranging from 5 to 95% in increments of 5. The order of
the 190 blocks was randomized, and each participant received the
same order. Each subject responded vocally to the color (RED,
BLUE, YELLOW, or GREEN) that the word (red, blue, yellow, or
green) was presented in. Stimuli for each block were sampled ran-
domly with replacement from the set of 16 possible stimuli such
that, if the proportion congruency level was 30%, then 30 con-
gruent stimuli were selected, followed by 70 incongruent stimuli.
These 100 items were then randomly sorted and presented to the
subject.

It is important to note that 9 of these subjects were asked to
estimate the proportion of congruent trials and rate their confi-
dence of this estimate following each block of 100 trials. There
was no difference between these two groups on any of the analysis
reported here, and so they are treated as a homogenous group of
15 subjects. Since this is a four-choice task, there is no contingency
between the color and the word (i.e., the word green is equally
likely to appear in any of the four colors) in the 25% congruent
condition.

The same correct RTs data as in the original report were used.
That is, correct RTs longer than 2000 ms (outliers) or shorter than
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200 ms (anticipatory) were excluded, along with any RTs more
than 2.5 standard deviations away from the mean within each
subject by block by congruency cell.

RESULTS

ANALYSES OF RTs

Including stimulus repetitions

Table 1 shows the mean RT for the four previous congruency-
by-congruency cells at each level of proportion congruency. To
maximize power, a 2 (previous congruency) by 2 (current con-
gruency) ANOVA was conducted separately for each proportion
condition. The results of this analysis are on the bottom por-
tion of Table 1. To summarize, there was a significant main effect
of congruency at each level of proportion congruency. There
was a significant main effect of previous congruency at all lev-
els of proportion except [15, 70, 75]. Critically, these factors
interacted to produce a Gratton effect at all levels of proportion
except [10].

The solid black circles in Figure 1A show the size of the
Gratton effect as a function of the proportion of congruent tri-
als. According to pure contingency accounts of the Gratton effect,
an increase in the contingency between the color and the word
should result in an increase in the size of the Gratton effect.
Even though the trend lines appear relatively flat, a repeated
measures regression analysis was performed to check for the
presence of a non-zero, positive, slope. Specifically, a slope and
intercept estimate was calculated for each subject, and a one-
sample t-test was conducted on these estimates. Conceptually,
a positive slope indicates that the Gratton effect increases as
the proportion of congruent trials increases. The results of this
reveal a slope of 0.139 & 0.131ms, t(14) = 1.07, p > 0.30, and
an intercept of 31.789 & 7.701, t(14) = 4.13, p < 0.001. This is
shown as the solid black line in Figure 1A. Thus, the propor-
tion of congruent trials does not impact the size of the Gratton
effect.

Excluding stimulus repetitions

Table 2 further divides the mean RT from the four previous con-
gruency x congruency cells in Table 1 into the 15 cells that com-
prise the non-orthogonal feature repetition types (word->word,
color->color, word->color, color->word). In this four-choice
task, this amounts to keeping approximately 56% of trials per sub-
ject. The same set of ANOVAs reported above were conducted on
the cells for which there are no stimulus-repetitions, indicated by
the bolded rows in the Table 2. The results are reported in the
middle portion of Table 2. There was a significant main effect of
congruency at each level of proportion congruency. There was
a significant main effect of previous congruency at all levels of
proportion except [60, 65, 70, 80]. The Gratton effect was only
significant for the [15, 20, 45, 50, 60, 65] conditions.

Although many of the Gratton effects were no longer statisti-
cally significant, paired t-tests showed that the reduction in the
size of the Gratton effect from Tables 1, 2 was only reliable for
the [55], p < 0.027, condition, and was marginal in the [30],
p = 0.070, condition. For all other comparisons, ps > 0.15. For
the present purposes, the fate of the 25% congruent condition is
most critical, although the size of the Gratton effect was marginal,

Table 1 | Response times for each of the four 2 (previous congruency) x 2 (congruency) cells as a function of the proportion of congruent trials.

Proportion of congruent trials (%)

Condition

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10

579
730
616
726

594
740

592

592
721
627

592
709
621

601
720
631
7N

621 611

609
715
636
708

622
712
646

614
714
651
715

640
727
671

633
723
668
718

608
701
641
693

610
692
644
700

Congruent-congruent

724
622

727
642

739
650
727

incongruent

Congruent:

624
729

Incongruent-congruent

710 708

706

714

706

724

Incongruent-incongruent
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FIGURE 1 | The size of the Gratton effect as a function of the proportion reflects response time difference scores and the panel to the right (B) reflects
of congruent trials. Black lines represent data in which all trials are included error rate difference scores. A positive slope is consistent with the hypothesis
in the estimate. Gray lines represent data in which only the trials without that the contingency between the color and the word contributes to the size
feature repetitions are included in the estimate. The panel to the left (A) of the Gratton effect. Error bars represent the standard error of the mean.

p = 0.057, two-tailed, it was not statistically smaller than when
repetitions were included. That is, the 34 + 9 ms Gratton effect
in Table 1 was statistically equivalent to the 26 & 12 ms Gratton
effect in Table 2, p > 0.50.

The solid gray circles in Figure 1A show the size of the
Gratton effect as a function of the proportion of congruent trials.
The same repeated measures regression analysis reported above
yielded a slope of 0.438 £ 0.382, #(14) = 1.15, p > 0.25, and an
intercept of 10.937 £ 13.026, t(14) = 0.84, p > 0.40. This is shown
as the dotted gray line in Figure 1A. Although the slope is numer-
ically larger and the intercept is numerically smaller than in the
previous analysis that included repetition effects, both are statis-
tically equivalent to the previous parameter estimates (p = 0.441
for the slope, and p = 0.111 for the intercept).

Can the switch hypothesis account for the remaining Gratton effect?
Even though the size of the Gratton effects were statistically equiv-
alent across most of the proportion conditions, visual inspection
of Figure 1 suggests that, generally, the Gratton effect is numer-
ically smaller when repetitions are removed. To assess whether
the remaining Gratton effect is the result of congruency switch-
ing (i.e., Schmidt and De Houwer, 2011), a 2 (Switch) x 2
(Congruency) analysis was conducted at each proportion level.
The results of this analysis are shown on the bottom proportion
of Table 2. An in-depth description of the logic of this analysis
is provided by Schmidt and De Houwer (2011). Briefly, addi-
tive effects of congruency switch (whether the congruency on
the previous trial is the same, or different, on the current trials)
and congruency are consistent with an interpretation in which

the Gratton effect results from a reconfiguration switch cost. An
interaction of these factors cannot rule out a conflict adaption
account of the Gratton effect. There was a main effect of con-
gruency at all levels of proportion. There was a switch cost at
the following levels of proportion [15, 20, 30, 40, 45, 60, 65].
Critically, these factors interact, rather than add, at each level of
proportion except [60, 70, 75, 80]. Furthermore, and even at the
levels of proportion at which they fail to interact, the effect seems
too large to attribute to purely additive factors.

ANALYSES OF ERRORS

Despite a very low error rate of 2.1%, for the sake of completeness,
the entire set of analyses performed on RTs was also done on error
rates. It should be noted that the lack of a main effect of congru-
ency effect in many of the analyses, make it difficult to interpret
“higher order” effects, such as the Gratton effect, or the increase in
the size of the Gratton effect as the proportion of trials increases.
It should also be noted that the same analyses performed on effi-
ciency scores (RT divided by accuracy for each cell; Townsend and
Ashby, 1983) yields effects which completely replicate the analyses
on the RT data.

Including stimulus repetitions

Table 3 mirrors Table 1 with mean percent error rate in place
of RTs. The same analysis contained in Table 1 is shown at the
bottom of Table 3. There was a significant main effect of congru-
ency at each level of proportion congruency except [30]. There
was only a significant main effect of previous congruency at [80].
Similarly, there was only a Gratton effect at [80].
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Table 3 | Error rates for each of the four 2 (previous congruency) x 2 (congruency) cells as a function of the proportion of congruent trials.
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(Gratton Effect)

The bottom portion of the table lists the parameter estimates obtained from the ANOVA testing for the presence of a Gratton effect. The bold values signify that p < 0.05.

Despite the general absence of effects, for completeness
the same repeated-measures regression analyses performed on
the RT data were conducted here. The solid black circles in
Figure 1B show the size of the Gratton effect as a function of the
proportion of congruent trials. The results of this analysis reveal
a slope of 0.014 =+ 0.032 ms, t(14) = 0.44, p > 0.50, and an inter-
cept of —0.698 =+ 0.802, t(14) = —0.87, p < 0.40. This is shown as
the solid black line in Figure 1B.

Excluding stimulus repetitions

Table 4 mirrors Table 2 with mean percent error rate in place of
RTs. The same analysis contained in Table 2 is shown in the mid-
dle of Table 4. There was a significant main effect of congruency
at each level of proportion congruency [10, 20, 25, 45, 55, 80].
There was a significant main effect of previous congruency only
at [40, 65]. There were no significant Gratton effects.

Paired t-tests showed that, with the exception of [15, 25, 70]
where the ps were marginal (0.095, 0.084, and 0.087 respectively),
the size of the Gratton effects in Tables 3, 4 were statistically
equivalent (ps > 0.15).

The solid gray circles in Figure 1B show the size of the
Gratton effect as a function of the proportion of congruent trials.
The same repeated measures regression analysis reported above
yielded a slope of 0.038 £ 0.017, t(14) = 2.26, p = 0.040, and an
intercept of —0.250 £ 0.281, t(14) = —0.89, p > 0.35. This sig-
nificant slope is difficult to interpret given the fact that there is
no significant Gratton effect in any of the proportion conditions.
This is shown as the gray line in Figure 1B. Although the slope
is larger and the intercept is smaller than in the previous analysis
which included repetition effects, both are statistically equivalent
to the previous parameter estimates, p = 0.614 for the slope and
p = 0.627 for the intercept.

Can the switch hypothesis account for the remaining Gratton effect?
Although there was no significant Gratton effect, a 2 (Switch) x
2 (Congruency) analysis was still conducted at each proportion
level. Although these factors only interact at [55, 65, 80], it would
be difficult to argue that Switch and Congruency are additive
given the absence of a main effect of switch effect at all levels
of proportion except the ones at which the factors interact, [55,
65, 80].

DISCUSSION

Experiment 1 reanalyzed a large-scale vocal Stroop study to assess
the presence of a conflict adaptation component to the Gratton
effect after ruling out three possible sources of binding confounds.
There is no contingency bias in the 25% congruency condi-
tion. The analyses confirmed the presence of a Gratton effect in
this condition, which could not be explained by the congruency
switch hypothesis. Experiment 2 provides an independent repli-
cation of this result confirming that the Gratton effect remains
after controlling for the three biases described by Schmidt and De
Houwer (2011).

These analyses revealed two additional findings. First, the size
of the Gratton effect in a vocal Stroop task is not affected by the
contingencies between the color and the word as indicated by the
statistically zero slopes in Figure 1A. Second, stimulus repetitions
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have little effect on the size of the Gratton effect in a vocal Stroop
task. Although excluding stimulus repetition, in general, reduces
the size of the effect, the real impact appears to be on the amount
of variance in the size of the Gratton effect. That is, the average
Gratton effect collapsed across proportions is 38 &= 5 ms with rep-
etitions and 31 £ 8 ms without. These estimates are statistically
equal (p > 0.30). However, the standard deviation of the size of
the Gratton effect across proportions is 30 £ 3 ms with repeti-
tions and 86 £ 10 ms without. These estimates are quite different,
t(14) = 6.04,p < 0.001. It is difficult to know whether the increase
in variance occurs because of the fact that various stimulus repe-
tition types account for 24.8, 50.5, 49.8, and 83.0% of trials in the
CC, CI, IC, and II conditions respectively, or due an unknown
psychological construct.

POTENTIAL ISSUES

The astute reader will have identified one potentially impor-
tant problem with these re-analyses: the proportion of congruent
trials—the color-word contingency—was manipulated within-
subjects. So, even though a given block of 100 trials in the middle
of the session may have a chance-level contingency (i.e., the 25%
blocks) between the word and the color, that block was preceded
by many blocks of trials in which the contingency between the
color and the word was greater that chance.

As noted in the methods, each subject received the same
random block order. Coincidently, the first block was the 25%
congruent condition. Thus, to avoid any possible longer-term
association confounds, analyses looking only at this first block of
100 trials! were conducted both including and excluding repeti-
tions. A Gratton effect measuring 42 £+ 14 ms was observed with
repetitions, F(;, 13) = 8.76, p = 0.011, and measuring 52 & 18 ms
was observed without repetitions, F(1, 13) = 8.44, p = 0.012. In
addition, the remaining Gratton effect cannot be explained by
the congruency switch hypothesis. Specifically, response times,
excluding repetitions, yields a 70 £ 28 ms congruency switch x
congruency interaction F(;, 13) = 6.83, p = 0.020 comprised of a
Stroop effect of 99 £ 20 ms, #(33) = 5.27, p < 0.001, following a
congruency repetition and 29 £ 20 ms, #(;3) = 1.53, p = 0.153,
following a congruency switch.

EXPERIMENT 2: A GRATTON ANALYSIS OF THE 25%
CONGRUENCY CONDITION

Excluding feature repetitions in Experiment 1 raised an impor-
tant issue; the absence of a reliable reduction in the Gratton
effect when feature repetitions are excluded is inconsistent with
the results of previous studies on this issue. We suspect this
may have occurred because (1) we had a relatively small sam-
ple size for addressing this issue and (2) because proportion
was manipulated within-subjects, it may be that subjects actu-
ally formed non-zero contingencies between the color and word
pairs. To address these concerns, we conducted a new experiment
with the goal of replicating these results with a larger sample
size and using only the 25% congruency condition. The results
from Experiment 2 indicated that there is still a strong Gratton

10ne subject was dropped from the analysis because they had no observations
in the congruent-congruent condition after excluding repetition trials.

effect after stimulus repetition trials are removed that cannot be
explained by a congruency switch, suggesting that color-word
contingency plays no role in the Gratton effect.

METHODS

For full methodological details, see Blais et al. (2010). Briefly,
thirty subjects were asked to perform 820 trials in a vocal Stroop
task. The first 20 trials were considered practice and were used to
calibrate the microphone and not included in any of the reported
analyses. The remaining 800 trials were divided into four blocks
of 200 trials with a self-paced break between them. Importantly,
the trials were 25% congruent; 200 trials were congruent and 600
were incongruent, thus any of the four words were equally likely to
appear in any of the four colors thereby eliminating all word-color
association biases.

RESULTS

ANALYSES OF RTs

Including stimulus repetitions

The same 2 (previous congruency) by 2 (current congruency)
ANOVA reported in Experiment 1 was conducted on these data.
The results are shown in Table 5. There was a significant main
effect of congruency, with congruent trials (761 ms) responded
to faster than incongruent trials (833 ms), and a significant main
effect of previous congruency, with trials on which the previous
trial was congruent (783 ms) being responded to faster than trials
on which the previous trial was incongruent (811 ms). Critically,
these factors interacted to produce a Gratton effect, F(j, 29) =
15.9, p < 0.001: the Stroop effect was larger following congruent
trials (92 £ 11 ms) than following incongruent trials (54 & 8 ms).

Table 5 | Response times and error rates for each of the four 2
(previous congruency) x 2 (congruency) cells in Experiment 2.

Condition Measure
RT % errors

Congruent-congruent 740 0.5
Congruent—incongruent 831 2.9
Incongruent-congruent 784 0.4
Incongruent-incongruent 838 2.0
ANOVA EFFECTS
Previous congruency Fi, 29 20.5 8.7

P <0.001 0.006

mean =+ std error 26+ 6 —0.6 £0.2
Congruency Fi, 29 79.0 49.1

P <0.001 <0.001

mean =+ std error 73+8 19+0.3
Previous congruency x Fi1. 29) 14.0 5.0
Congruency D <0.001 0.033
(Gratton effect) mean + stderror 3710  0.8+0.4

The bottom portion of the table lists the parameter estimates obtained from the
ANOVA testing for the presence of a Gratton effect. The bold values signify that
p < 0.05.
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Excluding stimulus repetitions

The same 2 (previous congruency) by 2 (current congru-
ency) ANOVA reported in Experiment 1, but excluding stim-
ulus repetitions, was conducted on these data. The results are
shown in Table 6. There was a significant main effect of con-
gruency, with congruent trials (795ms) responded to faster
than incongruent trials (867 ms), F(;, 29) = 57.6, p < 0.001 and
a significant main effect of previous congruency, with tri-
als on which the previous trial was congruent (817 ms) being
responded to faster than trials on which the previous trial
was incongruent (845ms), F(1, 29) = 14.1, p < 0.001. Critically,
these factors interacted to produce a Gratton effect, F(;, 29) =
10.1, p < 0.005: the Stroop effect was larger following con-
gruent trials (89 £ 11ms) than following incongruent trials
(56 £ 10 ms).

Can the switch hypothesis account for the remaining Gratton effect?
To assess whether the remaining Gratton effect is the result of
congruency switching (i.e., Schmidt and De Houwer, 2011), a
2 (Switch) x 2 (Congruency) analysis was conducted on data
after excluding stimulus repetitions. Again, an in-depth descrip-
tion of the logic of this analysis is provided by Schmidt and De
Houwer (2011). In short, additive effects of congruency switch
(whether the congruency on the previous trial is the same, or
different, on the current trials) and congruency are consistent
with an interpretation in which the Gratton effect results from a
reconfiguration switch cost. An interaction of these factors can-
not rule out a conflict adaption account of the Gratton effect.
There was a main effect of congruency, with congruent trials
(795 ms) responded to faster than incongruent trials (867 ms),
Fa, 29) = 57.6, p < 0.001. There was a switch cost, congruency
switch trials (839 ms) were responded to slower than congruency
repetition trials (823 ms), F(1, 29y = 10.1, p < 0.005. Critically,
these factors interact, rather than add, F(;, 29) = 14.1, p < 0.001,
the Stroop effect is larger on congruency repetition trials (101 &
12 ms) vs. congruency switch trials (45 & 12 ms), thereby ruling
out the switch hypothesis as an explanation for the remaining
Gratton effect.

ANALYSES OF ERRORS

The overall rate rates was only 1.4%, but for the sake of complete-
ness, the entire set of analyses performed on RTs was also done on
error rates.

Including stimulus repetitions

The same 2 (previous congruency) by 2 (current congruency)
ANOVA reported in Experiment 1 was conducted on these data.
There was a significant main effect of congruency, with con-
gruent trials (0.4%) responded to more accurately than incon-
gruent trials (2.3%), and a significant main effect of previous
congruency, with trials on which the previous trial was con-
gruent (1.2%) being responded to more accurately than trials
on which the previous trial was incongruent (1.7%), F(;, 29) =
7.5, p < 0.05. Critically, these factors interacted to produce
a Gratton effect; the Stroop effect was larger following con-
gruent trials (2.4 £+ 0.4%) than following incongruent trials
(1.5 & 0.2%).

Table 6 | Response times and error rates for each of the four 2
(previous congruency) x 2 (congruency) cells in Experiment 2 after
dividing them into whether they contain target->target,
distractor->distractor, target->distractor, or distractor->target

repetitions.
Condition Repetition type Measure
wW cC wC cW RT % errors
CONGRUENT-CONGRUENT
M BLUEpjue—REDeq 773 0.6
2 BLUEpj,e—BLUEpe X X X X 644 0.4
CONGRUENT-INCONGRUENT
B BLUEpj,e—>REDgreen 863 3.1
@ BLUEpue—BLUE g x x 823 2.1
®  BLUEpjue—REDpiue X X 777 3.0
INCONGRUENT-CONGRUENT
®) REDpjye— GREENgreen 817 0.3
7 REDpjye—REDyeq X x 800 0.4
8 REDpjye—BLUE e X x 697 0.2
INCONGRUENT-INCONGRUENT
© REDpiye— GREENgliow 878 2.1
(10 REDy)ye— REDgreen x 859 1.9
M REDpjue—GREENpe x 764 15
12 REDpjue—REDpue x 698 0.6
13) REDpjye— GREEN eqg x 894 24
(4 REDpjue—BLUEgreen 846 1.3
15 REDpjye—>BLUE g x 873 2.8
GRATTON ANOVA EFFECTS
Previous Congruency F. 29) 16.2 5.2
o <0.001  0.030
mean =+ std error 29+7 -06+0.3
Congruency Fir. 29 579 319
o <0.001  <0.001
mean =+ std error 76+ 10 2.1+04
Previous congruency x Fir. 29 4.8 1.7

Congruency o
(Gratton effect) mean = std error
CONGRUENCY SWITCH ANOVA EFFECTS

0.036 0.204
28+ 13 0.7+0.6

Switch Fﬂ. 29) 4.8 17
p 0.036 0.204
mean =+ std error 14+6 -04+03
Congruency Fi1, 29) 579 319
p <0.001 <0.001
mean =+ std error 76 10 2.1+04
Switch x Congruency Fir, 29 145 5.2
(Switch effect) o <0.001 0.030

mean =+ std error 58+ 14 1.2+0.6

The middle portion of the table lists the parameter estimates obtained from
the ANOVA testing for the presence of a Gratton effect, and the bottom portion
of the table lists the parameter estimates obtained from the ANOVA testing
whether the remaining Gratton effect results from the congruency switch-
ing hypothesis. Note: The absence of an interaction in the bottom portion is
consistent with the switching hypothesis. The bold values signify that p < 0.05.

Excluding stimulus repetitions

The same 2 (previous congruency) by 2 (current congruency)
ANOVA reported in Experiment 1, but excluding stimulus
repetitions, was conducted on these data. There was a significant
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main effect of congruency, with congruent trials (0.5%)
responded to more accurately than incongruent trials (2.6%), and
a significant main effect of previous congruency, with trials on
which the previous trial was congruent (1.8%) being responded
to less accurately than trials on which the previous trial was
incongruent (1.2%). These factors failed to interact to produce
a Gratton effect; the Stroop effect was statistically equivalent fol-
lowing congruent trials (2.5 &= 0.6%) than following incongruent
trials (1.8 & 0.3%).

Can the switch hypothesis account for the remaining Gratton effect?
To assess whether the remaining Gratton effect is the result of
congruency switching (i.e., Schmidt and De Houwer, 2011), a 2
(Switch) x 2 (Congruency) analysis was conducted on data after
excluding stimulus repetitions. Again, an in-depth description of
the logic of this analysis is provided by Schmidt and De Houwer
(2011). In short, additive effects of congruency switch (whether
the congruency on the previous trial is the same, or different, on
the current trials) and congruency are consistent with an interpre-
tation in which the Gratton effect results from a reconfiguration
switch cost. An interaction of these factors cannot rule out a con-
flict adaption account of the Gratton effect. There was a main
effect of congruency, with congruent trials (0.5%) responded to
faster than incongruent trials (2.6%). There was no switch cost;
congruency switch trials (1.7%) were responded equivalently to
congruency repetition trials (1.3%). Critically, these factors inter-
act, rather than add; the Stroop effect is larger on congruency
repetition trials (2.8 £ 0.6%) vs. congruency switch trials (1.5 &
0.3%), thereby ruling out the switch hypothesis as an explanation
for the remaining Gratton effect.

DISCREPANCIES WITH SCHMIDT AND DE HOUWER

What seems clear from the current set of experiments using a
vocal Stroop task is that at least part of the Gratton effect results
from conflict adaptation. The vocal Stroop task has been called
the gold standard of attention measures (e.g., MacLeod, 1992).
Anyone who has done a standard vocal Stroop task knows how
difficult it is to not blurt out the word. That is, individuals must
suppress an extremely strong, obligatory urge to read the word.
That is, it seems fairly obvious that the desire to read aloud the
word is the major source of conflict. Thus, conflict adaptation is
more likely in this task because conflict is more pervasive, and
hence more disturbing, for participants (e.g., Desender et al,
2014).

In the manual Stroop task and the flanker task, the source
of conflict is less clear. That is, it seems that there are at least
two major sources of conflict. The first source is the distractor
item. The presence of Stroop and flanker effects is consistent with
this interpretation. But, there must be at least one other source
of conflict given that many errors are random in the sense that
subjects are not responding to the distractor feature, but to a non-
presented feature (i.e., the participant said “red” to BLUEgreen).
For example, in a four-choice flanker task, you can make an error
by hitting any one of the three non-target keys. If errors are com-
pletely random, one would expect a 33.3% chance of hitting any
of them. As it turns out, subjects tend to make significantly more
“distractor errors”; 46.6% compared to 26.7% (e.g., see Maier

et al., 2011). Although significant, subjects still make a major-
ity of these random errors, perhaps because they are responding
too quickly. In the vocal Stroop task, this type of error is rare.
In fact, Experiment 1, containing over 270,000 trials, there were
less than a dozen errors of this nature where “blue” was said to
YELLOW,q. The high random error rate in the manual tasks is
consistent with the idea that subjects have a much weaker inter-
nal representation of which key is associated with which response.
This continual need for control to maintain the response sets
likely creates a second source of conflict.

Errors in the vocal Stroop task are rare, but errors are among
the most subjectively salient need-for-control cues. Behaviorally,
they yield a post-error slowing effect on subsequent trials
(Rabbitt, 1966; Laming, 1979; Unsworth et al., 2012). This slow-
down has been correlated with activity in anterior cingulate
cortex (e.g., Yeung et al., 2003). In fact, this error-related neg-
ativity is often strong enough to be observed on single trials
in unprocessed event related potentials (ERPs) and fMRI BOLD
signals. However, Schmidt and De Houwer fail to exclude such tri-
als from their analysis. Perhaps more important than post-error
slowing is the observation that errors are often followed by a
reduction of conflict effect producing a Gratton-like effect. For
instance, Maier et al. (2011) have shown that this effect occurs
only after incongruent flanker errors.

Therefore, there are two additional sources of conflict that
might better be characterized as sustained control in the man-
ual data. First, subjects must maintain, relatively unpracticed,
button mappings. This source of conflict is unlikely to vary trial-
to-trial. Second, these weak button maps lead to a large number
of errors. Indeed, the subjects in Experiment 1 from Schmidt and
De Houwer (2011) made approximately 13% errors overall; our
subjects were <2%. Critically, trials following errors are slowed.
This will obviously vary from trial-to-trial, but Schmidt and De
Houwer failed to remove this source of conflict. In theory, this
should lead to the observation of a Gratton effect, but due to the
unusually high number of errors overall, it is unclear if hypothesis
this will hold.

CONCLUSION

Starting with the original Mayr et al. (2003) paper, there has
been a heated debate as to whether conflict adaptation plays a
role in the Gratton effect over and above feature repetition bind-
ing biases. The answer to this question appears to be yes (e.g.,
Ullsperger et al., 2005). Schmidt and De Houwer (2011) iden-
tified two additional binding confounds: inherent contingencies
between the relevant and irrelevant dimensions, and congru-
ency switching effects. Using manual versions of the Stroop and
flanker tasks, they make the strong claim that conflict adapta-
tion is not necessary to explain the Gratton effect. Yet in a vocal
Stroop task, we show that nearly all of the Gratton effect is the
result of conflict adaption. The more important question, how-
ever, is whether conflict adaptation occurs “in real life”; not in
any particular lab task. Further research is necessary to allow us
to identify the role of conflict adaptation in more naturalistic
situations.

2Excluding trials following errors has no qualitative impact on our findings.
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