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Traditionally cognitive control is described as slow-acting, effortful, and strategic. Against this back-
drop, the notion of “automatic control” is an oxymoron. However, recent findings indicate control also
operates quickly with adjustments occurring outside awareness, leaving open the possibility that control
could be automatic under certain conditions. Harnessing one such finding, the item-specific proportion
congruent (ISPC) effect (i.e., reduction in congruency effect for mostly incongruent compared with
mostly congruent items), we systematically investigated the automaticity of reactive item-specific con-
trol by examining its efficiency under a concurrent load. In four experiments using a picture-word
Stroop task, participants first performed a block of trials in which an ISPC manipulation was embedded
to acquire the item-control associations. In later blocks, we manipulated working memory load within-
subjects (verbal in Experiment 1, visuospatial in Experiment 2, and n-back updating in Experiments 3
and 4) and compared the ISPC effect between low- and high-load conditions. The results of all four
experiments showed that the ISPC effect was robust regardless of working memory load. In Experiment
4, we additionally included diagnostic items to assess whether transfer of item-specific control settings
was also automatic. The ISPC transfer effect was abolished under high working memory load.
Collectively, the findings suggest that reactive item-specific control is triggered and executed in an auto-
matic manner (regardless of the available attentional resources), but only for items that directly support
learning of the item-control associations that underlie item-specific control. We propose several hypoth-
eses to account for these findings and discuss theoretical implications for control.

Public Significance Statement
It is commonly believed that controlling one’s attention, for example, to minimize the influence of
distractors, is a goal-directed mental process that is deliberate and taxing. However, growing evi-
dence indicates attention can be controlled reactively, such that it is triggered by environmental
cues and executed in a seemingly automatic fashion. In the present study, we systematically investi-
gated the automaticity of cognitive control, more specifically, whether a form of reactive control
called item-specific control can continue to operate efficiently even in the presence of a concurrent
task that consumes working memory resources. A robust and consistent pattern was found showing
that item-specific control was not detrimentally affected by a high working memory load compared
with a low load. However, we also found a boundary condition for the automaticity of reactive
item-specific control. Our findings extend our theoretical understanding of reactive control and sug-
gest it is possible to achieve high levels of cognitive control even under conditions in which atten-
tion is directed to a secondary, demanding task.
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The past decade has witnessed a shift in cognitive control
research—no longer is cognitive control exclusively conceived of
in the traditional sense as slow acting, effortful, and strategic (Nor-
man & Shallice, 1986; Posner & Snyder, 1975; Shiffrin & Schnei-
der, 1977). Rather, it has been demonstrated that control can also
be fast acting and reflect implicit adjustments that are based on in-
formation outside of awareness (for reviews see Bugg, 2012,
2017; Bugg & Crump, 2012; but see Diede & Bugg, 2017; for evi-
dence that the adjustments may nonetheless involve some effort).
This shift was in part precipitated by a class of effects known as
item-specific proportion congruence (ISPC) effects (see also Blais
et al., 2012; Crump et al., 2006; Crump & Milliken, 2009; Corbal-
lis & Gratton, 2003; for a related class known as context-specific
proportion congruence effects). First observed by Jacoby et al.
(2003), the ISPC effect refers to the reduction in the Stroop effect
for items (i.e., stimuli defined by a specific feature) that are mostly
incongruent throughout an experiment compared with items that
are mostly congruent. Subsequent research has demonstrated that
ISPC effects illustrate the operation of reactive control, a mecha-
nism that acts poststimulus onset to modulate attention (Braver et
al., 2007; see Bugg & Dey, 2018; Bugg et al., 2011; Bugg &
Hutchison, 2013; Spinelli & Lupker, 2020; for a consensus view,
see Braem et al., 2019). Reactive control is implicated because, in
the ISPC paradigm, mostly incongruent and mostly congruent
items are intermixed with 50% of trials comprising each item type.
Accordingly, participants cannot anticipate which type of item
will be presented on any given trial, and thus cannot proactively
prepare different control settings in advance for mostly congruent
compared with mostly incongruent items (see Shedden et al.,
2013; for evidence that items can be distinguished as mostly con-
gruent or mostly incongruent items � 150 ms poststimulus onset).
The fact that Stroop effects differ across item types indicates that
they are processed differently poststimulus onset, with less atten-
tion being allocated to the word dimension for mostly incongruent
items. Critically, for present purposes, the finding of an ISPC
effect led Jacoby et al. to speculate that processing of the irrele-
vant words may be subject to “automatic control.” In the present
study, we harness the ISPC effect to test the possibility that one
form of reactive control (item-specific control) may be relatively
automatic.
A process may be relatively automatic in a variety of senses

(Bargh, 1989, 1994; Melnikoff & Bargh, 2018; Moors & De
Houwer, 2006). For example, it can be unintentional (i.e., occur
without instruction), stimulus-driven (i.e., resistant to top-down
control), or efficient (i.e., require minimal attentional capacity as
is implied if it continues to operate even when there is a concurrent
load; Moors & De Houwer, 2006). Bringing extant evidence to
bear on the question of whether reactive control, as indexed by the
ISPC effect, is automatic, it seems clear that the differential
weighting of the word and color dimension for mostly incongruent
compared with mostly congruent items is unintentional given that
participants in ISPC paradigms are not instructed nor aware that
there are different item types (Bejjani et al., 2020), and yet the
effect emerges reliably (for reviews see Bugg & Crump, 2012;
Bugg, 2017). It also appears that the effect is stimulus-driven
given that modulations of attention underlying the ISPC effect
occur very rapidly poststimulus onset and furthermore given evi-
dence that one cannot willfully produce an ISPC effect using top-
down control (Entel et al., 2014). As for the third criterion, namely

whether the processes underlying the ISPC effect are efficient
meaning that they require minimal attentional capacity, one prior
study has examined this question (Spinelli et al., 2020). The find-
ings provided initial support for the view that reactive item-spe-
cific control is relatively automatic because the ISPC effect was
found regardless of the magnitude of the concurrent load (no load,
low load, or high load), but the criterion was examined under lim-
ited conditions, which we will describe in detail in the next
section.

Working Memory Load and Cognitive Control

Working memory (WM) refers to “the mechanisms and proc-
esses that hold the mental representations currently most needed
for an ongoing cognitive task available for cognitive processing”
(Oberauer, 2019; p. 1). Traditionally, WM has been intimately
linked to cognitive control, the goal-oriented biasing of attention
in favor of goal-relevant information, under the assumption that
such biasing entails active maintenance of task goals (Braver &
Cohen, 2000; Conway et al., 2001; Conway & Engle, 1994; Engle,
2002; Engle & Kane, 2004; Kane & Engle, 2000, 2003; O’Reilly
et al., 1999; Roberts et al., 1994). However, recent conceptualiza-
tions of cognitive control raise the question of whether certain
control mechanisms may operate rather independently of WM
(Braver et al., 2007; Bugg, 2012; Bugg & Crump, 2012). The dual
mechanisms account posits two control mechanisms (Braver et al.,
2007; cf. Kane & Engle, 2003). A resource-demanding proactive
control mechanism maps onto traditional views of control and
involves maintaining task goals in an active (sustained) state in
anticipation of conflict (De Pisapia & Braver, 2006). In contrast, a
reactive control mechanism entails the transient (re)activation of
task goals once conflict is detected (see Gonthier et al., 2016; for
evidence that proactive and reactive control are dissociable). A
prominent account of reactive control is the episodic retrieval
account (Crump & Milliken, 2009), which proposes that in para-
digms like the ISPC paradigm participants learn associations
between particular features (e.g., the color of a word in a color-
word Stroop task; the to-be-named picture in a picture-word
Stroop task) and the likelihood of conflict associated with these
features. Consequently, when participants encounter such a feature
on later trials, they reactively retrieve prior episodes involving that
feature, and these episodes include the attentional control setting
that tended to be used on trials comprising that feature in the past
(e.g., for a color or picture that is mostly incongruent, they would
retrieve a focused setting that minimizes processing of the word
dimension).

There is evidence that WM load impairs proactive control in the
Stroop task (Kalanthroff et al., 2015), in line with the notion of a
resource-demanding proactive control mechanism. In Kalanthroff
et al. participants performed a Stroop task under a concurrent high
(2-back memory task) or low (0-back memory task) WM load.
They reported an increased interference effect (incongruent RT—
neutral RT) and a reversed facilitation effect (neutral RT—congru-
ent RT) under high WM load compared with low WM load, con-
sistent with the authors’ view that proactive control would be
detrimentally affected when available WM resources were reduced
(see also Cohen & Servan-Schreiber, 1992). The question we sys-
tematically examined in the present study is whether WM load
also impairs reactive control or, alternatively, if reactive control
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can operate just as efficiently when WM is taxed by concurrent
demands.
To date, only one study to our knowledge has examined the

effects of WM load using ISPC effects as the index of reactive
control (see Soutschek et al., 2013, for a study using congruency
sequence effects). In that study, Spinelli et al. (2020) compared
ISPC effects under no-load, low-load, and high-load conditions. In
the low- and high-load conditions, participants named the ink
color of a color word in the Stroop task while simultaneously
holding in mind two or five digits, respectively. After they
named the ink color, they then encountered a probe string and
had to indicate whether the two- or five-digit probe string was
the same as the one they were holding in mind. The no-load con-
dition did not require subjects to remember any such string.
Using between-subjects manipulations of load, they found a con-
sistent pattern in vocal and manual Stroop tasks—the ISPC effect
was not affected by the verbal WM load manipulation. Based on
these findings, Spinelli et al. concluded that the ISPC effect is
not affected by load and that item-specific control “may be espe-
cially useful when WM resources are scarce” (p. 1).
We sought to significantly expand the investigation of

Spinelli et al. (2020) to address several limitations and theo-
retical questions, thereby providing a systematic examination
of the efficiency of reactive item-specific control under load.
One novel aspect of our study was that we examined the
effects of WM load using a “confound-minimized”1 variant
of a picture-word Stroop ISPC paradigm (see Braem et al.,
2019; for a consensus view) that consistently yields robust
ISPC effects. This variant employs the overlapping sets
design wherein the relevant dimension (picture) serves as the
ISPC signal (Bugg et al., 2011; see also Bugg & Dey, 2018;
Gonthier et al., 2016; see also Chiu et al., 2017, which
includes evidence of dissociable neural activation patterns
for this version compared with a contingency-confounded
version). Participants named the animal in the picture while
ignoring the superimposed animal word. Pictures of two ani-
mals (e.g., birds and cats) were mostly congruent across trials
while pictures of the other two animals (e.g., dogs and fish)
were mostly incongruent across trials, and the item sets over-
lapped (e.g., pictures of birds appeared not just with the
words BIRD and CAT, but additionally with the words DOG
and FISH). Spinelli et al. (2020) used a different variant that
is referred to as the two-item set design. In the two-item set
design, the two sets do not overlap (e.g., using the picture-
word Stroop task as an example, pictures of the mostly con-
gruent birds and cats would only appear with the words
BIRD and CAT, and the mostly incongruent dogs and fish
would only appear with the words DOG and FISH). Conse-
quently ISPC is perfectly confounded with contingency in the
two-item set design such that the ISPC effect can be attrib-
uted to contingency learning (i.e., use of the word to predict
the single high contingency response on congruent trials for
mostly congruent items and on incongruent trials for mostly
incongruent items; Schmidt & Besner, 2008; see also Bugg &
Hutchison, Experiment 3) rather than reactive control (but
see Spinelli & Lupker, 2020 for evidence that contingency-
learning does not entirely explain the ISPC effect even in the
two-item set design). Although Spinelli et al. demonstrated
dissociative effects of their load manipulation on the ISPC

effect and a contingency-learning effect in a separate noncon-
flict task (i.e., the contingency learning paradigm) by showing
that only the latter was detrimentally affected by load (see
also Schmidt et al., 2010), it remains possible that the lack of an
effect of WM load on the ISPC effect in their study could be spe-
cific to their design. Therefore, it is valuable to examine the
research question using the overlapping sets design (as opposed to
the two-item set design) such that theoretical conclusions concern-
ing effects of load on the ISPC effect can be more confidently
attributed to the operation of a reactive control mechanism under
varying levels of load (see, e.g., Bugg & Hutchison, 2013, Experi-
ment 2, for a transfer effect demonstrating clear evidence that this
design induces item-specific control and not contingency learning
[using words to predict highly contingent responses]).

Second, in addition to examining a verbal WM load manipu-
lation in Experiment 1 like Spinelli et al. (2020), we examined
two other WM load manipulations to ensure that the pattern of
results was not specific to one type of load. We will develop
the theoretical motivation for our selection of the novel load
types in the next section and in the introductions to Experiment
2 (visuospatial WM load) and Experiment 3 (n-back updating
demands). Third, in all our experiments we implemented
within-subject manipulations of WM load. Spinelli et al. (2020)
used between-subjects manipulations, which are less powerful,
with 20 subjects per group in the first two experiments and �40
per group in the last experiment (the no load group was three
times this size for purposes of looking at individual differences
within that group). Another advantage of using a within-sub-
jects manipulation is that any differences in the ISPC effect as
a function of load can be readily attributed to the manipulation
and not to between-subjects factors that could affect the ISPC
effect (e.g., WM capacity; Hutchison, 2011).

Fourth, we aimed to examine the effects of WM load on the
retrieval and execution of reactive item-specific control set-
tings poststimulus onset, rather than the learning of the associ-
ations between item types and their requisite control settings
(e.g., the binding of an MI item [picture] to a control setting
that minimizes processing of the word dimension). Conse-
quently, unlike Spinelli et al. (2020), we employed designs in
which all participants first experienced a block of 192 trials
(216 trials in Experiment 4) without a WM load to give them
an opportunity to learn the item-control associations prior to
implementing the WM load manipulation. In a pilot study in
our lab, we determined that the ISPC effect does not signifi-
cantly grow if additional trials are presented beyond that block
length. Thus, performance on this first block served as a
manipulation check to confirm participants had learned the
item-specific control settings. Then, in the remaining blocks of
the task, we implemented a WM load manipulation by includ-
ing low load and high load trials (within or between blocks

1 In a recent consensus article, Braem et al. (2019) described designs
researchers can use to study key markers of adaptive control (in addition to
the ISPC effect, the markers were congruency sequence effects, list-wide
and context-specific PC effects) while minimizing the influence of potential
confounds, such as exploiting simple stimulus-response associations. They
referred to these designs as “confound-minimized,” which contrasts with
confound-prone designs that they did not recommend like the two-item set
ISPC design. The term confound-minimized as opposed to confound-free
recognizes that effects are rarely process pure.
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depending on the experiment but always within-subjects; see
Figure 1A). This design enabled us to better isolate the effects
of WM load on reactive control from the effects of load on
learning.
Fifth, we examined the question of whether effects of WM load

on the ISPC effect may depend on whether attention can be modu-
lated poststimulus onset based on direct prior experiences with
stimuli (i.e., retrieval of a control setting that has been associated
with a specific stimulus feature based on conflict experiences in
the past) or whether generalization is required (i.e., retrieval of a
control setting in response to a stimulus feature that is similar to
but not exactly the same as stimuli from the past that were respon-
sible for the learning of the control setting). Prior research has
demonstrated that ISPC effects do transfer to novel exemplars. For
example, if birds and cats are mostly congruent items and dogs
and fish are mostly incongruent items, an ISPC effect is found
when novel exemplars (i.e., new birds, cats, dogs, and fish that did
not serve as the items that allowed participants to learn about
ISPC) are encountered that are 50% congruent regardless of ani-
mal category. This suggests participants can use the category as a
feature to modulate control on an item-by-item basis (Bugg et al.,
2011; Bugg & Dey, 2018; Bugg & Hutchison, 2013). However, it
remains unknown whether such “transfer” of reactive control may
demand more WM resources.

By systematically investigating the effects of load on the ISPC
effect, the goals are to significantly expand current theoretical
understanding of reactive control and the plausibility of the con-
cept of “automatic control” and inform the practical question of
whether it is possible to achieve high levels of cognitive control
under conditions of high load.

Overview of Experiments

We conducted a series of four experiments with the goal of
examining the automaticity of reactive control, with automaticity
here defined by the efficiency criterion. We approached this ques-
tion from the angle of asking whether the ISPC effect is detrimen-
tally affected by various concurrent WM loads (see Figure
1B–1D). In Experiment 1 we employed a Sternberg-like task
manipulating verbal WM load and we found that item-specific
control continued to operate as effectively under high load as
under low load. In Experiment 2, we employed the same approach
but used a visuospatial WM load surmising that this type of load
may be more likely to detrimentally affect item-specific control
because such control is dependent on rapid processing of the vis-
ual features of the stimuli that trigger adjustments in control (i.e.,
the picture stimulus). Once again, however, we found no effect of

Figure 1
A Schematic Illustration of Experimental Design and Sample Displays Used in Experiments 1–4

Note. (A) illustration of working memory (WM) load manipulation in Experiments 1–4. (B) Sample display sequences of low and high verbal WM load
trials in Experiment 1. The memory array was presented for 500 ms for the low load and 1,500 ms for the high load trials in Experiments 1 and 2. (C)
Sample display sequences of low and high visuospatial WM load trials in Experiment 2. (D) A sample display sequence of the high (2-back task) and
low (0-back task) WM load block in Experiments 3 and 4. In this example, the letter T serves as a 0-back task target (participants were assigned with a
random letter).
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the load manipulation on item-specific control. Deviating from the
approach of manipulating load via the maintenance component of
WM and motivated by prior investigations indicating high updat-
ing demands detrimentally affect other markers of control
(proactive control; Kalanthroff et al., 2015; reactive sequential
control adjustments, Soutschek et al., 2013), Experiments 3 and
4 employed an n-back manipulation of updating demands. These
two experiments were similar except Experiment 4 included
transfer (i.e., diagnostic) trials, novel exemplars representing the
animals participants learned control settings for based on the
training (inducer) trials in the first block (cf. Bugg et al., 2011;
Bugg & Dey, 2018). Including transfer trials allowed us to exam-
ine whether the apparent automaticity of item-specific control
even in the face of high updating demands (as in Experiment 3)
extends beyond stimuli for which one has had prior direct experi-
ence acquiring and applying attentional control settings.

Experiment 1

The purpose of Experiment 1 was to examine whether the re-
trieval and execution of learned item-control associations is
influenced by a concurrent WM load, with an eye toward inform-
ing the question of whether these processes are automatic with
respect to the efficiency criterion (i.e., processes require minimal
attentional capacity). We compared the magnitude of the ISPC
effect under a low and a high concurrent verbal WM load follow-
ing learning of the item-control associations in an initial block.
We hypothesized that a high load should interfere with item-spe-
cific control if the triggering of control processes poststimulus
onset shares attentional resources with the concurrent WM task.
This would be evidenced by a reduction in the magnitude of the
ISPC effect under a high WM load compared with a low WM
load.2 In contrast, if item-specific control is automatic, which we
define here as operating efficiently regardless of the additional
load, we expected that the magnitude of the ISPC effect should
be equivalent across the WM load conditions.

Method

Participants

Forty-eight undergraduate students (Mage = 19.79, SDage = 1.27,
15 female) from Washington University in St. Louis participated
to fulfill a credit as a partial requirement of a course. All partici-
pants were native English speakers with normal or corrected-to-
normal vision and agreed to participate in the study based on writ-
ten informed consent provided at the beginning of the study. The
experimental procedures were approved by the Institutional
Review Board at the Washington University in St. Louis.
We implemented a stopping rule of 48 participants for the present

and all subsequent experiments which is larger than the sample sizes
used by Spinelli et al. (2020) and larger than the typical sample size
reported in previous studies that examined whether WM load affected
cognitive control using within-subject designs (Kalanthroff et al.,
2015; Soutschek et al., 2013). There has been only one prior study that
examined the effect of WM load on the ISPC effect (Spinelli et al.,
2020), but load was manipulated between-subjects and a null effect of
load on the ISPC effect was found. Thus, a power analysis based on
estimates of effect size from that study was not a viable option to

calculate the expected sample size for our study. To confirm that our
stopping rule was reasonable, we conducted a simulation-based power
analysis (Lakens & Caldwell, 2019) using RT data from the within-
subjects design of Kalanthroff et al. (2015)3 who found a detrimental
effect of load on proactive control in a Stroop task. With an alpha level
of .05, a correlation between the measures of .5, and a partial eta
squared of .29, the simulated data yielded a power of .8 with the sam-
ple size of 16 for the interaction representing the effect of WM load on
cognitive control, which is much smaller than the sample sizes we
achieved in our experiments. Nonetheless, given that a null is a theoret-
ically informative outcome in the present experiments, we also report
Bayesian analyses to quantify the evidence in support of the null.
Bayes Factors (BF) are reported for theoretically important null effects
in the form of BF01 (Bayes factor favoring H0 over H1). A Bayes fac-
tor between 1 and 3 means anecdotal and a value between 3 and 10
means substantial evidence for the null hypothesis (Jeffreys, 1961;
Wagenmakers et al., 2018).

Apparatus

The stimuli were presented with the E-prime 2.0 software (Psy-
chology Software Tools, Pittsburgh, PA) on a 17-in. LCD monitor.
The vocal response was detected and recorded from a microphone
connected to a voice-key of PST serial response box (Psychologi-
cal Software Tools, Pittsburgh, PA). The standard keyboard was
used for the experimenter to code the response.

Stimuli and Procedure

Picture-Word Stroop Task. All stimuli were presented in
black on a white background (see Figure 1B for sample displays).
Each trial began with a fixation cross (“þ,” font size: 20) pre-
sented at the center of the screen for 1 s. A line-drawing picture of
a bird, dog, cat, or fish with either a congruent or incongruent ani-
mal word was then presented. We used animal pictures that were
previously used in ISPC studies (Bugg et al., 2011; Bugg & Cha-
nani, 2011; Bugg & Dey, 2018). Participants were asked to name
aloud the animal in the picture using general names (e.g., “bird”
but not “woodpecker”) while ignoring the word as quickly and
accurately as possible. The proportion congruency was manipu-
lated based on the categories of the animal pictures (i.e., the rele-
vant dimension) in an overlapping sets design. Two animal
categories were mostly (PC-75) congruent, and the remaining two
animal categories were mostly incongruent (PC-25). For one group

2 A larger ISPC effect reflects enhanced reactive control relative to a
smaller ISPC effect.

3 We considered using Spinelli and colleagues’ (2020) study for the
power calculation, but the effect size estimates were not appropriate for our
study because they manipulated WM load between subjects whereas our
manipulations were entirely within subjects. We used Kalanthroff et al.
(2015) because the descriptive data, which were needed for the simulation-
based sample size calculation, were available whereas the data were not
provided in Soutschek et al. (2013), the other most relevant prior study.
Although Kalanthroff et al. examined effects of load on proactive control,
we reasoned that if reactive control is susceptible to load just like proactive
control, then using estimates from a study that showed a detrimental effect
of load on proactive control should provide sufficient power to detect a
similar effect on reactive control. We tripled the sample size because we
thought it possible that effects of load on reactive control, if observed,
could be smaller than those on proactive control and because we
manipulated ISPC, which added one more variable to be accounted for
compared with Kalanthroff et al.
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of participants, pictures of birds and cats were mostly congruent
(MC), and pictures of dogs and fish were mostly incongruent
(MI). The other group of participants was assigned the opposite
mapping such that the dogs and fish were MI and the birds and
cats were MC (see Table 1).4 For each of the animal categories,
four unique exemplars were presented with equal probability.
Items were randomly intermixed resulting in 50% congruent
blocks of trials. The animal picture remained on the screen until
the response was detected via the voice key. An experimenter then
coded the vocal response using the keyboard during a blank screen
following the vocal response (e.g., if the participant said “dog,”
the experimenter pressed the key corresponding to dog). Extrane-
ous noise (e.g., cough) or undecipherable speech was coded as a
“scratch” trial and excluded from analysis.
WM Task. The Sternberg task (Sternberg, 1966) was used to

manipulate WM load by varying the number of to-be-remembered
digits in a memory array. For the low WM load, a single digit
(1–9) was presented for 500 ms. For the high WM load, an array
of 6-digits5 was presented for 1,500 ms. For both low and high
WM loads, participants were asked to remember the digits in the
memory array and informed that they would be tested on their
memory after completing the Stroop task trial. After the Stroop
task trial (i.e., after the experimenter coded the participants’
response), a single probe digit (1–9) was presented until partici-
pants pressed a key on the response box (i.e., two-alternative
forced choice) indicating whether the probe digit was in the mem-
ory array or not. The chance that a given probe digit was from the
memory array was 50%. After the participant responded to the
probe, the next Stroop stimulus was presented 1s later.

Design

A 3 (WM load type: no load vs. low load vs. high load) 3 2
(ISPC: MC vs. MI) 3 2 (trial type: congruent vs. incongruent)
within-subject design was used. Each participant completed 16 prac-
tice trials (50% congruent) followed by an initial block of 192 trials
without the concurrent WM load (see Figure 1A). The purpose of
this block was to have participants acquire the item-specific control
settings. Then, the concurrent WM task was introduced which was
followed by eight practice trials with the concurrent low WM load
task and another eight trials with the concurrent high WM load task
(i.e., the order was fixed in the practice trials). During the practice
trials, a feedback message (“correct” or “incorrect”) was shown

for the WM task accuracy. Next, participants completed two
blocks of 192 Stroop trials (384 trials total) where low and high
WM load trials were randomly presented with an equal probabil-
ity (no feedback was shown). Note that this enabled us to control
for order effects (e.g., time on task) between the low and high
WM load conditions. There were brief rests at the halfway point
of all blocks and the experiment lasted approximately 1 hr.

Results

WMTask

The mean percent probe accuracy for the high WM load condi-
tion (85%) was significantly lower than that of the low WM load
condition (93%), t(47) = 7.09, p, .001, Cohen’s d = 1.02. Partici-
pants were also slower to make a correct probe response in the
high WM load condition (805 ms) compared with the low WM
load condition (565 ms), t(47) = 14.06, p , .001, Cohen’s d =
2.03. Both accuracy and RT suggest that the WM load manipula-
tion was effective.

Stroop Task

As in previous studies using this task (e.g., Bugg et al., 2011;
Bugg & Chanani, 2011; Bugg & Dey, 2018), trials faster than 200
ms or slower than 3,000 ms were eliminated from the analysis
(less than 1% of trials were removed). For RT analysis, trials with
incorrect Stroop responses were excluded. We also excluded trials
with the incorrect memory probe responses (10.27% of trials)
because errors imply that participants may have failed to maintain
the information in WM.6 Here, we report only theoretically impor-
tant results.7 The no load block was analyzed separately from the
rest of the blocks where the WM load was manipulated because

Table 1
Frequency of Picture and Word Pairs Used in Each Block of
Experiment 1

Picture

Word Bird Cat Dog Fish

BIRD 36 4 12 12
CAT 4 36 12 12
DOG 4 4 12 12
FISH 4 4 12 12

Note. The italicized values indicate congruent pairs. Each frequency was
derived from the repetition of four unique exemplars (i.e., for the
BIRD–Bird pair, each of the four pictures was presented nine times). The
frequencies described here represent one of two counterbalancing condi-
tions where birds and cats are mostly congruent, and dogs and fish are
mostly incongruent.

4 The design is set up such that the picture is the ISPC signal (e.g., bird
and cat pictures are 75% congruent while dog and fish pictures are 25%
congruent), which eliminates the contingency between the ISPC signal and
responses (pictures are 100% predictive of the response for all items) that
existed in the original two-item set design that Jacoby et al. (2003)
developed (see also Spinelli et al., 2020). Regarding the predictiveness of
the word in conveying the PC of the item, the words are slightly predictive
in this design such that the MC words are 56% congruent whereas the MI
words are 38% congruent (this contrasts with the two-item set design
where the words are 75% and 25% congruent, respectively). This is a
design feature that we have described and discussed in our prior work that
has used the present design to examine item-specific control (Bugg et al.,
2011; Bugg & Dey, 2018; Bugg & Hutchison, 2013; see also Bejjani et al.,
2020). Notably, whether this feature is present or not (see Chiu et al., 2017,
for a design in which the MC and MI words are both 50% congruent), the
same behavioral pattern indicative of item-specific control emerges (i.e.,
asymmetrical ISPC effect primarily affecting incongruent trials), a pattern
that is not consistent with a contingency learning account (i.e., using the
word to predict responses). Additionally, using exactly this design, Bugg
and Hutchison (2013) demonstrated transfer to stimuli that were paired
with novel words, a pattern which is consistent with item-specific control
but not contingency learning.

5 For the high WM array, six digits were pseudo-randomly selected such
that none of the two digits was consecutive in order (e. g., “473196” but not
“453196,” which includes consecutive digits 45).

6 The same analysis was conducted on the trials including correct and
incorrect probe responses and both results mirrored each other. See the
online supplemental materials for the full summary of results.

7 The full summary of results is available in the online supplemental
materials.
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the no load block was mainly designed to serve as a training phase
for the learning of associations between specific items and their
requisite control settings (i.e., ISPC). Table 2 summarizes mean
RT and error rates.

Reaction Time

Manipulation Check: Item-Specific Learning Under No WM
Load. A repeated-measures ANOVA with factors of ISPC (MC
vs. MI) and trial type (congruent vs. incongruent) was conducted
to test the initial learning of item-control associations during the
first block. The incongruent trials were slower compared with con-
gruent trials, F(1, 47) = 343.36, p , .001, hp

2 = .88, BF01 = .00.
Most importantly, a significant ISPC effect was found, F(1, 47) =
29.24, p , .001, hp

2 = .38, BF01 = .02, showing a reduced Stroop
effect in MI (85 ms) compared with MC (117 ms) items.
Effects of WM Load. A repeated-measures ANOVA with

factors of concurrent WM load (low vs. high), ISPC (MC vs. MI),
and trial type (congruent vs. incongruent) was conducted to test
the effect of WM load on the ISPC effect. The main effect of trial
type was significant, F(1, 47) = 125.50, p , .001, hp

2 = .73, BF01 =
.00, revealing that the congruent trials (723 ms) were faster than
the incongruent trials (802 ms). In addition, the main effect of
WM load was significant, F(1, 47) = 10.87, p = . 002, hp

2 = .19,
BF01 = .02, suggesting that the concurrent WM load delayed the
overall RT (high load condition = 775 ms on average compared
with 750 ms in low load condition).
Importantly, a significant Trial Type 3 Item-Specific PC inter-

action was found, F(1, 47) = 15.28, p , .001, hp
2 = .25, BF01 =

.12, showing that the Stroop effect for MC items was greater (96
ms) than that of MI items (62 ms), replicating the typical ISPC
effect. Most importantly, the three-way interaction was not signifi-
cant, F , 1, BF01 = 3.46, highlighting the fact that the magnitude
of the ISPC effect was not influenced by the concurrent WM load
(see Figure 2).8 The Bayes factor (BF01 = 3.46) also confirmed
that the evidence substantially supported the null hypothesis.
Z-Transformed RT. It is possible that the lack of the three-

way interaction in the RT analysis was obscured by the baseline
RT difference between the WM load conditions. Specifically,
since the Stroop effect tends to be bigger with slower responses
(Pratte, Rouder, Morey, & Feng, 2010); we might have overesti-
mated the ISPC effect in high load trials (which were overall
slower) while underestimating the effect in the low load trials. To
rule out any confounding effect from the baseline RT difference,
we z-scored individuals’ RT based on WM load types and per-
formed the same analysis as reported in the raw RT analysis. Con-
sistent with the raw RT analysis, the main effect of trial type, F(1,
47) = 127.19, p , .001, hp

2 = .73, BF01 = .00, was significant. Not
surprisingly, the main effect of WM load (F , 1, BF01 = 8.63)
was not significant given the transformation. The ISPC 3 Trial
Type interaction, F(1, 47) = 15.86, p , .001, hp

2 = .25, BF01 = .00,
remained significant. Most importantly, the three-way interaction,
again, was not significant, F(1, 47) = 1.46, p = . 23, hp

2 = .03,
BF01 = 7.02.

Error Rate

Manipulation Check: Item-Specific Learning Under No
WM Load. A repeated-measures ANOVA as a function of
ISPC (MC vs. MI) and trial type (congruent vs. incongruent)

showed that participants made more errors on incongruent trials
(4.42%) compared with congruent trials (2.37%), F(1, 47) =
15.72, p , .001, hp

2 = .25, BF01 = .00. Importantly, the Stroop
effect was greater in MC items (3.20%) compared with the MI
(.91%) items, F(1, 47) = 4.94, p = . 03, hp

2 = .10, BF01 = .44, sug-
gesting that item-control learning had occurred during the initial
block.

Effects of WM Load. The repeated-measures ANOVA on
percent errors revealed that the main effect of trial type was mar-
ginally significant, F(1, 47) = 3.56, p = . 07, hp

2 = .07, BF01 =
1.25, demonstrating that the error rate was slightly higher in
incongruent (3.23%) compared with congruent (2.57%) trials.
The main effect of WM load was not significant, F , 1, BF01 =
8.98. In addition, a significant interaction between ISPC and trial
type, F(1, 47) = 3.98, p = . 05, hp

2 = .08, BF01 = 2.01, indicated
that the Stroop effect in error rate was smaller for MI (.15%)
compared with MC (1.19%) items (i.e., an ISPC effect). Of our
primary interest, the three-way interaction was not significant,
F , 1, BF01 = 4.26.

Discussion

In Experiment 1, we investigated whether reactive control is
influenced by a concurrent verbal WM load. Although the concur-
rent high WM load delayed the overall RT and led to more errors
when judging WM probes than the low WM load, the magnitude
of the ISPC effect was not modulated by the WM load. Bayesian
analysis indicated substantial support for a null interaction, and the
null interaction could not be explained by baseline differences in
overall speed of responding on low and high WM load trials.

The present finding converges with Spinelli et al. (2020), who
reported the lack of an effect of verbal WM load (i.e., maintaining
a digit or letter array) on the ISPC effect in a color-word Stroop
task. Notably, we did establish that the load manipulation was
effective in decreasing performance on the WM task in the high
compared with low load condition; thus, the lack of an effect of
load cannot be attributed to the ineffectiveness of the load manipu-
lation. Of theoretical importance, the present findings extend the
prior results using the two-item set design to the confound-mini-
mized, overlapping sets design, giving us more confidence in the
conclusion that reactive control may be automatic with respect to
the efficiency criterion. Additionally, we have extended the prior
results to a design in which the effects of load on item-specific
modulation of attention poststimulus onset were better isolated
from learning of the item-control associations by allowing partici-
pants to engage in a no-load training phase prior to the implemen-
tation of the WM manipulation.

Despite the consistent findings, it should be noted that in both
our study and that of Spinelli et al. (2020) a verbal WM load was
used. According to the specialized-load-account (Kim et al., 2005;

8 A 3 (WM Load: no load, low load, high load) 3 2 (ISPC: MC, MI) 3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on RT,
z-transformed RT, and error rate showed the lack of a 3-way interaction
(see Table S11 in the online supplemental materials for the full reports)
suggesting that the magnitude of the ISPC effect was not different between
the WM load conditions including the no load condition. Note that this
analysis should be interpreted with caution here and in subsequent
footnotes since, by design, the low load condition always preceded the low
and high load conditions.
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Park et al., 2007), WM load operates in a domain-specific manner,
such that verbal information in WM selectively interferes with
processing of verbal information but no other form of information
such as visuospatial information. In support of this view, Kim et al.
(2005) showed that a concurrent WM load impaired the basic
Stroop effect only when the items in WM overlapped with the task-
relevant feature. Based on this account, it is possible that the lack of
the effect of WM load on the ISPC effect in Experiment 1 (and
Spinelli et al., 2020) was attributable to the fact that the verbal WM
load failed to target a critical domain of information that is tightly
linked to the retrieval of the item-specific control setting. In particu-
lar, if visuospatial features of the animal pictures (e.g., features that
help identify animal categories such as the head position or pres-
ence of a wing or tail) trigger retrieval of the learned control set-
tings, overloading visuospatial WM may be more likely to result in
a reduction of the ISPC effect under high load by preventing an in-
depth processing of control-triggering visuospatial information. To
examine this possibility, Experiment 2 was conducted.

Experiment 2

The purpose of Experiment 2 was to further examine the auto-
maticity of the retrieval and execution of item-specific control by
using a visuospatial WM load instead of a verbal WM load. Espe-
cially, this change was made to rule out the possibility that the
verbal WM load failed to buffer visuospatial information (i.e.,
contained within the pictures that get associated with low or high
conflict probabilities) that would be a key trigger of the previously
learned item-specific control settings. If the ISPC effect is not
influenced by the concurrent visuospatial WM load, it would pro-
vide additional support bolstering the view that item-specific con-
trol occurs in an automatic manner regardless of the contents of
WM. However, if the ISPC effect is reduced under the high visuo-
spatial WM load compared with the low load, it would rather sup-
port the view that item-specific control depends on the availability
of visuospatial WM resources and is thus not automatic.

Method

Participants

Forty-eight undergraduate students (Mage = 19.83, SDage = 1.31,
29 female) from Washington University in St. Louis participated
in the study to fulfill a credit as a partial requirement of a course.

All participants were native English speakers with normal or cor-
rected-to-normal vision.

Apparatus, Stimuli, Procedure, and Design

Apparatus, stimuli, procedure, and design were identical to
those used in Experiment 1 except the concurrent WM task.

A modified version of the visuospatial WM task was used
(Wood, 2011). At the beginning of each trial, participants were
presented with a 4 3 4 grid (see Figure 1C). In the low WM
load condition, two filled boxes were randomly located in the
grid and remained on the screen for 500 ms. In the high WM
load condition, eight filled boxes were presented at random
locations for 1,500 ms. For the memory probe task, participants
were given one filled box at a random location on the grid and
requested to press a key on the response box (i.e., two-alterna-
tive forced choice) to indicate whether the same location was
previously filled or not. For the probe response, the probability
of the “yes” response was 50%.

Results

WMTask

The memory probe responses were substantially less accurate in
high WM load trials (62%) compared with the low WM load trials
(87%), t(47) = 19.34, p , .001, Cohen’s d = 2.79. In addition, par-
ticipants were significantly slower to make correct responses to
high WM load probes (890 ms) compared with the low WM load
probes (695 ms), t(47) = 11.87, p , .001, Cohen’s d = 1.73. These
differences indicate that the WM manipulation was successful.

Stroop Task

The same trimming procedures were applied to Stroop perform-
ance as in Experiment 1 (less than 1% of trials were removed
because of the RT trim), including the exclusion of incorrect trials
for the analysis of RT. In addition, trials with incorrect probe
responses on the WM task were excluded from the analysis of
Stroop performance.9 Table 3 summarizes the mean RT and error
rate for each condition.

Table 2
Mean Reaction Times (RTs) and Percent Errors for Congruent and Incongruent Trials for the Mostly Congruent and Mostly
Incongruent Items Under No Load, Low WM Load, and High WM Load in Experiment 1

No load Low load High load

ISPC Trial type M (SD) % err (SD) M (SD) % err (SD) M (SD) % err (SD)

Mostly congruent Congruent 647 (75) 2.47 (2.44) 713 (116) 2.52 (2.45) 744 (137) 2.59 (3.04)
Incongruent 764 (90) 5.67 (5.62) 815 (146) 3.91 (5.02) 834 (176) 3.57 (4.29)
Stroop effect 117 3.20 102 1.39 90 0.98

Mostly incongruent Congruent 643 (77) 2.26 (3.10) 706 (110) 2.30 (3.43) 729 (135) 2.85 (4.61)
Incongruent 728 (91) 3.17 (2.61) 766 (113) 2.90 (3.04) 792 (140) 2.55 (3.43)
Stroop effect 85 0.91 60 0.60 63 �0.30

ISPC effect 32 2.29 42 0.79 27 1.28

Note. ISPC = item-specific proportion congruence; WM = working memory.

9 The same analysis was conducted on the trials including correct and
incorrect probe responses and both results mirrored each other. See the
online supplemental materials for the full summary of results.
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Reaction Time

Manipulation Check: Item-Specific Learning Under No
WMLoad. A repeated-measures ANOVA as a function of ISPC
(MC vs. MI) and trial type (congruent vs. incongruent) was con-
ducted to check whether participants were able to acquire the
item-control associations during the first block. The main effect of
trial type, F(1, 47) = 281.56, p , .001, hp

2 = .86, BF01 = .00, was
significant suggesting that incongruent trials (756 ms) were slower
compared with the congruent trials (646 ms). Importantly, the
ISPC 3 Trial Type interaction was significant, F(1, 47) = 28.07,
p , .001, hp

2 = .37, BF01 = .00, showing a reduced Stroop effect in
MI items (87 ms) compared with MC items (134 ms; i.e., ISPC
effect). This interaction indicates that the item-control associations
were learned in the first block in the absence of a WM load.
Effects of WM Load. A 2 (WM Load: low WM load vs. high

WM load) 3 2 (ISPC: MC vs. MI) 3 2 (Trial Type: congruent vs.
incongruent) repeated measures ANOVA revealed a significant
Stroop effect showing overall faster RT in congruent (717 ms)
compared with incongruent (817 ms) trials, F(1, 47) = 188.61, p,
.001, hp

2 = .80, BF01 = .00. The main effect of WM load was not
significant, F(1, 47) = 1.60, p = . 21, hp

2 = .03, BF01 = 6.24, indi-
cating that the marginal Stroop RT was not different between the
low and high WM load.10 The ISPC 3 Trial Type interaction was
significant, F(1, 47) = 38.64, p , .001, hp

2 = .45, BF01 = .00, con-
firming the ISPC effect (see Figure 3). The magnitude of the
Stroop effect was larger with MC items (125 ms) compared with
MI items (74 ms). Importantly, the three-way interaction again did
not reach statistical significance, F, 1, BF01 = 3.95.11

Error Rate

Manipulation Check: Item-Specific Learning Under No
WM Load. A repeated-measures ANOVA revealed that partici-
pants made fewer errors for congruent trials (2.07%) compared
with incongruent trials (4.68%), F(1, 47) = 22.21, p , .001, hp

2 =
.32, BF01 = .00. In addition, the magnitude of the Stroop effect
was reduced for MI items (.87%) compared with MC items
(4.34%), F(1, 47) = 12.91, p, .001, hp

2 = .22, BF01 = .03.

Effects of WM Load. A repeated-measures ANOVA with
factors of WM load, ISPC, and trial type was conducted with the
mean percent error. Participants made more errors for incongruent
(3.34%) trials than congruent (1.45%) trials, F(1, 47) = 31.24, p ,
.001, hp

2 = .40, BF01 = .00. The error rate was not modulated by
WM load, F , 1, BF01 = 8.81. The ISPC 3 Trial Type interaction
was not significant, F , 1, BF01 = 6.16, indicating no the ISPC
effect in error rate during the load blocks.12 Furthermore, the
three-way interaction was not significant, indicating that the ISPC
effect was not different between the low and high WM trials, F ,
1, BF01 = 4.68.13

Discussion

The magnitude of the ISPC effect was examined when a concur-
rent visuospatial WM load was manipulated. Consistent with pre-
vious experiments that investigated a verbal WM load (Spinelli et
al., 2020), including Experiment 1, we found that the ISPC effect
was not influenced by the visuospatial WM load. This finding rules
out the alternative explanation of the main finding of Experiment 1

Figure 2
Reaction Time as a Function of WM Load, ISPC, and Trial Type in Experiment 1

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly
incongruent; WM = working memory. Error bars depict within-subject standard error.

10 Accordingly, unlike in Experiment 1, we did not conduct a z-score
analysis.

11 A 3 (WM Load: no load, low load, high load)3 2 (ISPC: MC, MI)3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on RT
showed the lack of three-way interactions (see Table S12 in the online
supplemental materials for the full reports), suggesting that the magnitude
of the ISPC effect in RT was not different between the WM load
conditions, including the no load condition.

12 It is not uncommon for the ISPC effect in accuracy to not be
significant, including on diagnostic trials. This is a typical pattern that has
been frequently reported in previous studies (Bugg et al., 2011, Bugg &
Dey, 2018).

13 A 3 (WM Load: no load, low load, high load)3 2 (ISPC: MC, MI)3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on
error rate revealed a significant three-way interaction (see Table S12 in the
online supplemental materials for the full reports). This and the absence of
the ISPC effect in error rate under WM load (as reported in the main text)
together suggest that the robust ISPC effect in the no load block
disappeared under low and high concurrent WM load.
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which attributes the null effect of the load manipulation on the
ISPC effect to the use of a verbal WM load, which we had rea-
soned might not share the same resources as those that process the
critical information (i.e., visuospatial features of the animal cate-
gories) that triggers retrieval of item-specific control settings. Fur-
thermore, the average WM task accuracy was lower in Experiment
2 (62% for high load) compared with Experiment 1 (85% for high
load), suggesting that the null interaction reported in Experiment 1
was not simply attributable to the fact that the high verbal WM
load was not demanding enough to add a bottleneck on ongoing
cognitive processing. Therefore, the results of Experiment 2 pro-
vide additional support for the view that item-specific control is
triggered and executed without attentional resources.
Clearly, we did not find any hint of an effect of the visuospatial

WM load manipulation on the ISPC effect. One interesting observa-
tion, though, as is apparent from Table 3, is that the ISPC effect was
present in error rate for the first (no load) block but the effect was
much smaller in later blocks where the WM task was additionally per-
formed (see the online supplemental materials for the full report).
This might suggest that the presence of a concurrent visuospatial WM
load weakened the ISPC effect in error rate. However, because the

design was optimized for comparing the low and highWM load condi-
tions, we cannot rule out that the ISPC effect in error rate might simply
have weakened with time on task.

Taken together, the evidence thus far suggests that item-specific
control persists regardless of whether the concurrent WM load is
verbal (Experiment 1) or visuospatial (Experiment 2). However, it
is important to note that, in Experiments 1 and 2, the WM load
manipulation involved varying the number of items (or number of
spatial locations) maintained in WM (i.e., a Sternberg-like task).
Therefore, the null interaction between WM load and the ISPC
effect may indicate that the processes required to actively maintain
items in WM (i.e., storage processes) might not be necessary to
trigger retrieval and execution of item-specific control settings.
These findings do not, however, rule out that WM updating proc-
esses may be necessary. Theoretically this seems like a valid alter-
native given that the ISPC effect depends on the flexible updating
of control settings upon stimulus onset (e.g., quickly heighten
attentional control when an MI item is shown but not an MC
item).

Indeed, prior work has shown that the updating of information
in WM and not the maintenance of information in WM interferes

Table 3
Mean Reaction Times (RTs) and Percent Errors for Congruent and Incongruent Trials for Mostly Congruent and Mostly Incongruent
Items Under No Load, Low WM Load, and High WM Load in Experiment 2

No load Low load High load

ISPC Trial type M (SD) % err (SD) M (SD) % err (SD) M (SD) % err (SD)

Mostly congruent Congruent 659 (93) 1.96 (1.89) 712 (138) 1.56 (2.26) 713 (139) 1.60 (2.76)
Incongruent 793 (109) 6.30 (6.71) 838 (167) 3.37 (4.66) 836 (159) 3.72 (5.27)
Stroop effect 134 4.34 126 1.81 123 2.12

Mostly incongruent Congruent 633 (82) 2.19 (3.24) 711 (121) 1.43 (2.97) 733 (153) 1.20 (3.56)
Incongruent 720 (87) 3.06 (3.04) 793 (134) 3.05 (3.20) 800 (137) 3.21 (3.32)
Stroop effect 87 0.87 82 1.62 67 2.01

ISPC effect 47 3.47 44 0.19 56 0.11

Note. ISPC = item-specific proportion congruence; WM = working memory.

Figure 3
Reaction Time as a Function of WM Load, ISPC, and Trial Type in Experiment 2

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly
incongruent; WM = working memory. Error bars depict one within-subject standard error.
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with postconflict (reactive) adjustments in control in the form of
the congruency sequence effect (Soutschek et al., 2013; see also
Kalanthroff et al., 2015, who found that proactive control is detri-
mentally affected by demands on updating). To test this possibil-
ity, in Experiment 3, we examined the automaticity of reactive
control as evidenced by the ISPC effect when the attentional sys-
tem was occupied by a concurrent n-back task.

Experiment 3

It has been suggested that it is not the maintenance but rather
the updating of information in WM that interferes with cognitive
control (Kalanthroff et al., 2015; Soutschek et al., 2013). Of most
relevance to the present study, Soutschek et al. (2013) reported
that the congruency sequence effect in a Stroop task was impaired
when participants were performing a concurrent 1-back or 2-back
task (compared with a 0-back task) requiring participants to report
whether the present letter was identical to the one that was pre-
sented in one or two trials back. The congruency sequence effect
is the pattern whereby the Stroop effect is reduced following an
incongruent trial compared with a congruent trial. Quite interest-
ingly, and in contrast, they did not observe such impairment when
participants were simply asked to maintain a verbal load in WM
(as in our Experiment 1; although not the primary focus of their
study, see also Moss et al., 2020, who found that congruency
sequence effects were not detrimentally affected by a load
imposed during the retention interval of a change detection task).
The findings of Soutschek et al. raise the possibility that item-spe-
cific control could be interrupted when attentional resources are
occupied by updating WM contents. To examine this possibility,
we also adopted the n-back paradigm and used a concurrent 0-
back task and 2-back task as low and high WM loads (Kalanthroff
et al., 2015; Soutschek et al., 2013), respectively. We expected
that the magnitude of the ISPC effect would be reduced in the
high compared with the low load condition if updating WM con-
tents shares key resources with the processes that support item-
specific retrieval and execution of control settings. However, if
item-specific control occurs in an automatic manner, there should
be no effect of WM load on the magnitude of the ISPC effect.

Method

Participants

Forty-eight undergraduate students (Mage = 19.31, SDage = 1.17,
35 female) from Washington University in St. Louis participated
in the study to fulfill a credit as a partial requirement of a course.
All participants were native English speakers with normal or cor-
rected-to-normal vision.

Apparatus, Stimuli, and Procedure

Apparatus, stimuli, and procedure were identical to those used
in Experiment 1 except the WM load manipulation. In Experiment
3, instead of the verbal WM task (i.e., digit memory), an n-back
WM task was administered.
We employed the n-back task used by Kalanthroff et al. (2015)

that was shown to disrupt proactive control in a Stroop task. A sin-
gle letter, randomly selected from a set of B, D, G, P, and T, was
presented at the beginning of each trial (see Figure 1D) for 1,150

ms. For the low WM (0-back task) load condition, participants
were asked to press a key on the serial response box if the letter
was the same as the one that they were assigned (e.g., the letter T)
at the beginning of the experiment. The 0-back target letter was
randomly assigned for each participant and remained the same for
each participant throughout the experiment. For the high WM (2-
back task) load, participants were asked to press a key if the letter
that was presented two trials back was the same as the current
letter.

Design

A 3 (WM load: no WM load vs. low WM load [0-back] vs. high
WM load [2-back]) 3 2 (ISPC: MC vs. MI) 3 2 (trial type: con-
gruent vs. incongruent) within-subject design was used. Partici-
pants completed 16 practice trials followed by 192 trials without
the concurrent WM load (no WM load), just as in the previous
experiments. Then, the concurrent n-back (i.e., 0-back or 2-back)
task was introduced. In this experiment, WM load was manipu-
lated between blocks following Kalanthroff et al. (2015; see also
Soutschek et al., 2013), and the block order (low load first vs. high
load first) was counterbalanced across participants (see Figure
1A). Each block consisted of 192 trials and was preceded by 16
practice trials that acquainted participants with the n-back task for
that block. Accuracy feedback for the WM task (e.g., “Correct,”
“Incorrect”) was presented during the practice blocks only. There
was a brief rest at the halfway point of all blocks. Each participant
completed 576 trials total which lasted approximately 1 hr.

Results

WMTask

The memory probe responses were significantly less accurate in
the high WM task (2-back task; 86%) compared with the low WM
task (0-back task; 100%), t(47) = 14.92, p , .001, Cohen’s d =
2.16. The memory probe RT was significantly slower in the high
WM task (606 ms) compared with the low WM task (514 ms), t
(47) = 6.66, p, .001, Cohen’s d = .96.

Stroop Task

The same trimming procedures were applied as in Experiment 1
(less than 1% of trials were removed for the RT trim), including
the exclusion of incorrect trials and incorrect WM probe responses
from the RT analysis.14 Table 4 shows mean RT and error rate by
condition.

Reaction Time

Manipulation Check: Item-Specific Learning Under No
WM Load. A 2 (ISPC: MC vs. MI) 3 2 (Trial Type: congruent
vs. incongruent) repeated-measures ANOVA was conducted
revealing that the congruent trials (674 ms) were faster than the
incongruent trials (785 ms), F(1, 47) = 250.78, p , .001, hp

2 = .84,
BF01 = .00. The ISPC effect was significant, F(1, 47) = 7.37, p =
.009, hp

2 = .14, BF01 = .31, with a greater Stroop effect in MC
items (129 ms) than MI items (94 ms).

14 The same analysis on trials with incorrect WM probe responses
yielded the same results. Further details can be found in the online
supplemental materials.
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Effects of WM Load. A repeated-measures ANOVA was
conducted as a function of WM load (low WM load vs. high WM
load), ISPC (MC vs. MI), and trial type (congruent vs. incongru-
ent). The main effect of trial type was significant, F(1, 47) =
138.13, p, .001, hp

2 = .75, BF01 = .00, confirming a typical Stroop
effect featuring faster RT in congruent trials (763 ms) compared
with incongruent trials (864 ms). Importantly, we also found a sig-
nificant main effect of WM load, F(1, 47) = 95.28, p , .001,
hp
2 = .67, BF01 = .00, indicating that marginal RT was slower in

the high WM load block (876 ms) compared with the low WM
load block (752 ms).
A significant Trial Type3 ISPC interaction confirmed the ISPC

effect, F(1, 47) = 22.75, p , .001, hp
2 = .33, BF01 = .55, with a

larger Stroop effect in MC (124 ms) compared with the MI items
(77 ms). Most importantly, the three-way interaction was again
not significant, F(1, 47) = 3.38, p = . 07, hp

2 = .07, BF01 = 3.39,
suggesting that the magnitude of the ISPC effect was not influ-
enced by WM load (see Figure 4).15

Z-Transformed RT. Individual’s RT was z-scored based on
WM load condition to examine the effect of WM load on item-
specific control on the baseline corrected RT. The main effect of
trial type, F(1, 47) = 193.70, p , .001, hp

2 = .80, BF01 = .00, was
highly significant while the main effect of WM load was not (as
expected given the transformation), F(1, 47) = 1.77, p = .19, hp

2 =
.04, BF01 = 8.69. The ISPC by trial type interaction remained sig-
nificant, F(1, 47) = 31.16, p, .001, hp

2 = .40, BF01 = .00, featuring
the same pattern as reported in the raw RT analysis. Importantly,
the three-way interaction also remained nonsignificant, F(1, 47) =
1.89, p = .18, hp

2 = .04, BF01 = 3.32.

Error Rate

Manipulation Check: Item-Specific Learning Under No
WM Load. A 2 (ISPC: MC vs. MI) 3 2 (Trial Type: congruent
vs. incongruent) repeated-measures ANOVA revealed that the
error rate was higher for incongruent trials (6.09%) than congruent
trials (4.33%), F(1, 47) = 9.60, p = .003, hp

2 = .17, BF01 = .06.
However, the Item-Specific PC 3 Trial Type interaction did not
reach statistical significance, F(1, 47) = 1.14, p = .29, hp

2 = .02,
BF01 = 2.50.
Effects of WM Load. A repeated-measures ANOVA as a

function of WM load (low load [0-back] vs. high load [2-
back]), ISPC (MC vs. MI), and trial type (congruent vs. incon-
gruent) was conducted on the percent error. The main effect of

trial type was significant, F(1, 47) = 24.87, p , .001, hp
2 = .35,

BF01 = .00, showing that participants made more errors for the
incongruent (5.01%) compared with the congruent (2.96%) tri-
als. The main effect of WM load was not significant, F(1, 47) =
1.29, p = . 26, hp

2 = .03, BF01 = 4.13. The Stroop effect in error
rate was greater for MC items (2.96%) compared with MI items
(1.15%), F(1, 47) = 8.44, p = .01, hp

2 = .15, BF01 = .38. Finally,
the three-way interaction was again not significant, F , 1,
BF01 = 4.47.

Discussion

The goal of Experiment 3 was to examine whether updating
items in WM interferes with item-specific, reactive control. To do
so, we adopted the n-back paradigm to modulate WM load. There-
fore, participants had to update zero items under the low WM load
and two items on every trial under the high WM load while they
concurrently performed the Stroop task. The high WM load condi-
tion was more challenging than the low WM load condition, as
indicated by accuracy and RT on the WM task, yet the magnitude
of the ISPC effect was not modulated by WM load. A larger
Stroop effect was found for MC (PC-75) items compared with MI
(PC-25) items replicating a typical ISPC effect, in both conditions.
The Bayesian analyses again indicated substantial evidence for the
null effect in both RT and accuracy. Using the z-score analyses,
we also demonstrated that the lack of an effect of WM load on the
ISPC effect could not be explained by the baseline differences in
RT for the WM load conditions. Our key finding replicated the
results of Experiment 1 and 2 and strengthens the view that reac-
tive control, as indicated by the ISPC effect, occurs automatically.

It is also notable that in addition to the Bayesian analyses, the
pattern of results argues against an account suggesting the lack of
a three-way interaction, and in particular a reduction in the ISPC
effect with increasing load, reflects a type II error. Although the
ISPC effect was statistically not different between the WM load
conditions, the observed ISPC effect was in fact nominally largest
for the high WM load (59 ms) condition (the no and low WM load
conditions had ISPC effects of 35 ms and 32 ms, respectively).

Table 4
Mean Reaction Times (RTs) and Percent Errors for Congruent and Incongruent Trials for Mostly Congruent and Mostly Incongruent
Items Under No Load, Low WM Load, and High WM Load in Experiment 3

No load Low load High load

ISPC Trial type M (SD) % err (SD) M (SD) % err (SD) M (SD) % err (SD)

Mostly congruent Congruent 673 (73) 4.47 (4.23) 710 (167) 3.17 (2.59) 824 (178) 2.95 (2.52)
Incongruent 802 (109) 6.75 (5.97) 816 (173) 5.38 (5.36) 964 (185) 6.66 (5.46)
Stroop effect 129 2.28 106 2.21 140 3.71

Mostly incongruent Congruent 674 (90) 4.20 (5.69) 703 (170) 2.87 (4.05) 817 (179) 2.85 (3.76)
Incongruent 768 (101) 5.42 (4.13) 777 (160) 3.56 (3.18) 898 (182) 4.45 (3.03)
Stroop effect 94 1.22 74 0.69 81 1.60

ISPC effect 35 1.06 32 1.52 59 2.11

Note. ISPC = item-specific proportion congruence; WM = working memory.

15 A 3 (WM Load: no load, low load, high load)3 2 (ISPC: MC, MI)3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on RT,
z-transformed RT, and error rate showed the lack of three-way interaction
(see Table S13 in the online supplemental materials for the full reports),
suggesting that the magnitude of the ISPC effect was not different between
the WM load conditions, including the no load condition.
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The discrepancy between the findings of Soutschek et al.
(2013), and our results are interesting from a theoretical perspec-
tive especially given the fact that item-specific control, like se-
quential adjustments in control based on congruency, is
considered to be a reactive form of control that is triggered post
stimulus onset. We reserve further discussion of this issue for the
General Discussion.

Experiment 4

In Experiments 1–3, we found converging evidence suggesting
that an item (e.g., animal picture) that has been associated with a
particular level of conflict (MC or MI) continues to trigger a corre-
sponding control setting (relaxing or heightening) regardless of
whether WM resources are occupied by maintenance or updating
of information. This suggests item-specific adjustments in atten-
tion, an indicator of reactive control, may be automatic with
respect to the ability to operate in parallel with concurrent WM
tasks.
In Experiment 4, we harness prior findings demonstrating

“transfer” of reactive item-specific control to examine whether au-
tomaticity also transfers to novel items. That is, we examine
whether the apparent automaticity of item-specific control even in
the face of high updating demands (Experiment 3) extends beyond
stimuli for which one has had prior direct experience acquiring
and applying attentional control settings. Transfer is examined by
investigating ISPC effects for novel, unbiased (PC-50) exemplars
from trained (“inducer”) categories (e.g., Bugg et al., 2011; Bugg
& Dey, 2018; cf. Bugg & Hutchison, 2013). In the preceding
experiments, the inducer items were the mostly congruent (PC-75;
e.g., birds and cats) or mostly incongruent (PC-25; e.g., dogs and
fish) animal pictures. In Experiment 4, the inducer items were
again presented; however, in addition, transfer (“diagnostic”)
items were intermixed with inducer items. The diagnostic items
comprised unique exemplars from the same animal categories as
the inducer items (see Figure 5 for sample items) but diagnostic
items were unbiased (PC-50) regardless of the animal category.
Previous studies have shown that diagnostic items also show an

ISPC effect such that a reduced Stroop effect is found for novel
dogs and fish compared with novel birds and cats (although all of
these items are 50% congruent), which is referred to as an ISPC
transfer effect. This transfer effect has been observed reliably
across many experiments and like the ISPC effect for inducer
items, it presents as an asymmetrical interaction whereby the
effect is mostly driven by differences on incongruent trials (slower
for incongruent trials from MC condition than MI condition as in
the preceding experiments within this series; see Bugg et al.,
2011; Bugg & Dey, 2018; Gonthier et al., 2016). Critically, the
transfer effect has proven to be highly robust to a variety of manip-
ulations that were designed to disrupt the effect (e.g., familiarizing
participants with all items prior to the Stroop task; individuation
instructions; using diagnostic items that defy the PC of the inducer
items; Bugg & Dey, 2018).

The critical question is whether retrieval and execution of item-
specific control settings will continue to be automatic when a
novel exemplar is presented that differs from the inducer items. In
other words, is the automaticity of reactive control dependent on
retrieval processes being able to make direct contact with prior
perceptual experiences (i.e., prior presentations of stimuli [instan-
ces]; Logan, 1988) that supported the learning of item-control
associations, or alternatively, will retrieval and execution of item-
specific control for similar yet distinct items be vulnerable to a
concurrent WM load?

As in Experiment 3, participants were asked to perform the pic-
ture-word Stroop task with a concurrent n-back task. We again
used the n-back task to manipulate the WM load given prior evi-
dence suggesting that the updating and not maintenance of WM
contents interferes with one form of reactive control (sequential
adjustments based on congruency; Soutschek et al., 2013). If the
automatic retrieval of item-specific control settings depends on re-
trieval of learned item-control associations tied to direct prior
experiences, we expect to see no WM load effect for the inducer
items (replicating Experiment 3). However, in that case, load
should affect performance on the diagnostic items such that the
ISPC effect will be disrupted by high WM load compared with
low WM load. On the other hand, if the automaticity of reactive

Figure 4
Reaction Time as a Function of WM Load, ISPC, and Trial Type in Experiment 3

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly
incongruent; WM = working memory. Error bars depict within-subject standard errors.
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control transfers to novel unbiased exemplars from the same cate-
gories as inducer items, then there should be no effect of WM load
on either the inducer or diagnostic items.

Method

Participants

Forty-eight undergraduate students (M age = 19.44, SD = 1.41,
33 Female) from Washington University in St. Louis participated
in the study to fulfill a credit as a partial requirement of a course.
All participants were native English speakers with normal or cor-
rected-to-normal vision.

Apparatus, Stimuli, and Procedure

Apparatus, stimuli, and procedure were identical to those of
Experiment 3 except that diagnostic items (PC-50) were added in
Experiment 4 (see Table 5 for the frequency of picture and word
pairs). Consistent with Experiment 3, two animal categories were
mostly congruent (e.g., birds/cats) and two animal categories were
mostly incongruent (e.g., dogs/fish). For each animal category,
three exemplars were PC biased (inducer), such that they were ei-
ther mostly congruent (PC-75) or mostly incongruent (PC-25), and
one exemplar was unbiased (diagnostic; PC-50). Each block
included 144 inducer and 72 diagnostic items comprising 216 tri-
als total. The inducer and diagnostic items when combined yielded
67% PC for MC items and 33% PC for MI items. The animal cate-
gories and PC mappings and exemplar type for the diagnostic item
were counterbalanced across participants.

Design

A 3 (WM load: no WM load vs. low WM load (0-back) vs. high
WM load (2-back)) 3 2 (item type: inducer vs. diagnostic) 3 2
(ISPC: MC vs. MI) 3 2 (trial type: congruent vs. incongruent)
within-subject design was used. The experimental design was
identical to that of Experiment 3 except for the inclusion of

diagnostic items. Because of the diagnostic items, participants
completed 216 trials per each block instead of 192 trials (see Ta-
ble 5).

Results

One participant was excluded from analysis due to excessive
errors made on the memory probe task (above 50%). The other
participant was excluded because the voice-key was unable to
detect the participants’ responses on most trials.

WMTask

The n-back memory probe accuracy was higher for the low
WM load (0-back; 100%) compared with the high WM load (2-
back; 87%) task, t(45) = 12.25, p , .001, d = 1.81. In addition,
probe RTs were faster for the low WM load (525 ms) compared

Table 5
Frequency of Picture and Word Pairs in Each Block Used in
Experiment 4

Picture

Item type Word Bird Cat Dog Fish

Inducer BIRD 27 3 9 9
CAT 3 27 9 9
DOG 3 3 9 9
FISH 3 3 9 9

Diagnostic BIRD 9 3 3 3
CAT 3 9 3 3
DOG 3 3 9 3
FISH 3 3 3 9

Note. The italicized values indicate congruent pairs. Each frequency was
derived from the repetition of three unique exemplars (i.e., for the
BIRD–Bird inducer pair, each picture repeated nine times). The frequen-
cies described here represent the one of two counterbalancing conditions
where birds and cats are mostly congruent, and dogs and fish are mostly
incongruent.

Figure 5
Examples of Stimuli Used for Inducer and Diagnostic Items in Experiment 4

Note. MC = mostly congruent; MI = mostly incongruent. Three of four exemplars were inducer items (PC-75/PC-25), and the remaining exemplar was a
diagnostic item (PC-50). The pictures of birds/cats were MC and dogs/fish were MI for a half of participants (as described in this example); the other half
of participants followed the opposite assignment.
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with the high WM load (616 ms), t(45) = 6.28, p , .001, Cohen’s
d = .93. Both patterns replicate Experiment 3.

Stroop Task

The same trimming procedures were applied as in the preceding
experiments (less than 1% of trials were removed based on the RT
trim). Again, only correct Stroop responses were included in the
RT analysis. Consistent with Experiment 3, we excluded trials
with incorrect WM probe responses.16 We analyzed the inducer
and diagnostic items separately as in prior studies (Bugg et al.,
2011; Bugg & Dey, 2018).

Reaction Time

Inducer Items. Table 6 summarizes mean RT and error rate
for each condition.
Manipulation Check: Item-Specific Learning Under No WM

Load. A 2 (ISPC: MC vs. MI) 3 2 (Trial Type: congruent vs.
incongruent) repeated-measures ANOVA revealed that the con-
gruent trials (652 ms) were faster than incongruent trials (758 ms),
F(1, 45) = 149.32, p , .001, hp

2 = .77, BF01 = .00. However, the
ISPC 3 Trial Type interaction was not significant, F(1, 45) =
2.65, p = . 11, hp

2 = .06, BF01 = 2.65.
Effects of WM Load. A repeated-measures ANOVA with fac-

tors of WM load, ISPC, and trial type showed that the marginal
RT was faster for congruent (767 ms) compared with incongruent
(858 ms) trials, F(1, 45) = 161.05, p , .001, hp

2 = .78, BF01 = .00.
In addition, the main effect of WM load was significant, F(1, 45) =
79.68, p , .001, hp

2 = .64, BF01 = .00, showing that marginal RT
was slower under the high WM load (883 ms) compared with low
WM load (742 ms).
The ISPC 3 Trial Type interaction was significant, F(1, 45) =

11.60, p = . 001, hp
2 = .20, BF01 = 2.18, reflecting a typical ISPC

effect. The Stroop effect was 109 ms for MC items but it was
reduced to 73 ms for MI items. As in Experiment 3, the three-way
interaction revealed that the ISPC effect was not influenced by the
concurrent WM load, F(1, 45) = 1.82, p = . 18, hp

2 = .04, BF01 =
3.73 (see Figure 6).17 Regardless of the WM load, the Stroop
effect was bigger for MC items compared with MI items showing
a persistent ISPC effect.
Diagnostic Items. Table 7 summarizes mean RT and error

rate for each condition. The same ANOVA analysis was con-
ducted as for the inducer items.
Manipulation Check: Item-Specific Learning Under No WM

Load. A 2 (ISPC: MC vs. MI) 3 2 (Trial Type: congruent vs.
incongruent) repeated-measures ANOVA revealed that the con-
gruent trials (654 ms) were faster than incongruent trials (758 ms),
F(1, 45) = 119.42, p , .001, hp

2 = .73, BF01 = .00. However, the
ISPC 3 Trial Type interaction was not significant, F(1, 45) =
2.26, p = . 14, hp

2 = .05, BF01 = 2.44.
We assumed that the nonsignificant ISPC effect observed for

both inducer and diagnostic items in the initial (no WM load)
block might be attributable to lower power relative to the preced-
ing experiments since the number of observations per each con-
dition was reduced (48 observations per each condition in
Experiment 1–3 but 36 observations per each condition for in-
ducer items and 18 observations per each condition for diagnos-
tic items in Experiment 4) and the overall PC was attenuated
(from 75% for MC and 25% for MI items in Experiment 1 – 3%

to 67% for MC items 33% for MI items in Experiment 4). There-
fore, we combined inducer and diagnostic items to further exam-
ine the ISPC effect during the initial no load block. A 2 (Item
Type: inducer vs. diagnostic) 3 2 (ISPC: MC vs. MI) 3 2 (Trial
Type: congruent vs. incongruent) repeated-measures ANOVA
was conducted revealing a marginally significant ISPC 3 Trial
Type interaction, F(1, 45) = 3.86, p = . 06, hp

2 = .08, BF01 = 1.49,
with the Stroop effect being 114 ms for MC items compared
with 96 ms for MI items. The Item Type 3 ISPC 3 Trial Type
interaction was not significant, F , 1, BF01 = 2.34, indicating
that the ISPC effect was not different between inducer and diag-
nostic items.

Effects of WM Load. The overall RT was faster for congruent
(755 ms) compared with incongruent (863 ms) trials, F(1, 45) =
108.12, p , .001, hp

2 = .71, BF01 = .00. In addition, the main effect
of WM load was significant, F(1, 45) = 83.44, p , .001, hp

2 = .65,
BF01 = .00, demonstrating that the marginal RT was significantly
slower in the high WM load block (881 ms) compared with the low
WM load block (737 ms). There was not a significant ISPC transfer
effect overall, F(1, 45) = 1.15, p = . 29, hp

2 = .02, BF01 = 5.74, but this
was qualified by a significant three-way interaction, F(1, 45) = 4.54, p
= .04, hp

2 = .09, BF01 = 1.71, indicating that the ISPC transfer effect
was modulated by concurrent WM load (see Figure 7).18 To disentan-
gle the three-way interaction, we examined the ISPC effect under low
and high WM load separately using 2 (ISPC) 3 2 (Trial Type)
ANOVAs. For the low WM load, the Stroop effect was 118 ms for
MC items and 77 ms for MI items resulting in a significant interac-
tion, F(1, 45) = 5.86, p = . 02, hp

2 = .12, BF01 = .47, that replicated
the classic ISPC transfer effect (e.g., Bugg et al., 2011; Bugg &
Dey, 2018). However, for the high WM load, the Stroop effect
was 113 ms for MC items and 125 ms for MI items. The interac-
tion was not significant, F, 1, BF01 = 4.29, under high WM load,
and was in fact in the reversed direction to the classic effect.

Z-Transformed RT

We also conducted repeated measures ANOVAs on z-trans-
formed RT as a function of WM load, ISPC, and trial type on in-
ducer and diagnostic items separately.

16 The same analysis on trials with both correct and incorrect probe
responses yielded the same results. Further details can be found in the
online supplemental materials.

17 A 3 (WM Load: no load, low load, high load)3 2 (ISPC: MC, MI)3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on
inducer RT, z-transformed RT, and error rate showed the lack of three-way
interaction (see Table S14 in the online supplemental materials for the full
reports), suggesting that the magnitude of the ISPC effect was not different
between the WM load conditions, including the no load condition.

18 A 3 (WM Load: no load, low load, high load)3 2 (ISPC: MC, MI)3
2 (Trial Type: congruent, incongruent) repeated-measures ANOVA on
diagnostic RT and error rate showed that the three-way interaction was
only significant for z-transformed RT, F(1,45) = 3.97, p = .02, hp

2 = 0.08,
BF01 = 0.33. The omnibus ANOVA results are available in the online
supplemental materials (Table S15). To disentangle the three-way
interaction for z-transformed RT, we conducted separate follow-up
ANOVAs, which showed that the ISPC effect was not different between
the no and low load, F(1,45) = 3.54, p = .07, hp

2 = 0.07, BF01 = 0.81, or
between the no and high load, F , 1, BF01 = 3.29. Rather, as reported in
the manuscript the interaction was driven by a difference between the low
and high load conditions.
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Inducer Items. The main effect of trial type, F(1, 45) =
236.02, p , .001, hp

2 = .84, BF01 = .00, was highly significant
while the main effect of WM load was not, F(1, 45) = 1.59, p =
21, hp

2 = .03, BF01 = 8.26. The item-specific PC by trial type inter-
action remained significant, F(1, 45) = 12.63, p , .001, hp

2 = .22,
BF01 = .04, featuring the same pattern as reported in the raw RT
analysis. Finally, the three-way interaction remained nonsignifi-
cant, F(1, 45) = 1.10, p = .30, hp

2 = .02, BF01 = 3.34.
Diagnostic Items. The main effect of trial type, F(1, 45) =

249.94, p , .001, hp
2 = .85, BF01 = .00, but not the effect of WM

load, F , 1, BF01 = 8.80, was significant (as expected given the
transformation). The two-way interaction of ISPC3 Trial Type, F
(1, 45) = 5.12, p = .03, hp

2 = .10, BF01 = .70, was significant. The
three-way interaction was highly significant, F(1, 45) = 7.11, p =
.01, hp

2 = .14, BF01 = .69, confirming the notion that the ISPC trans-
fer effect was significantly attenuated under the concurrent high
WM load.

Error Rate

Inducer Items.
Manipulation Check: Item-Specific Learning Under No WM

Load. A repeated-measures ANOVA with ISPC (MC vs. MI)

and trial type (congruent vs. incongruent) revealed that the partici-
pants made more errors on incongruent (1.76%) compared with
congruent (.39%) trials, F(1, 45) = 20.53, p , .001, hp

2 = .31,
BF01 = .00. However, the ISPC 3 Trial Type interaction was not
significant, F, 1, BF01 = 4.21.

Effects of WM Load. A repeated-measures ANOVA as a func-
tion of WM load (low load [0-back] vs. high load [2-back]), ISPC
(MC vs. MI), and trial type (congruent vs. incongruent) was conducted
on the error rate (%). The error rate was higher for incongruent
(3.20%) compared with congruent (.73%) trials, F(1, 45) = 21.93, p,
.001, hp

2 = .33, BF01 = .00. It was also influenced by the concurrent
WM load, F(1, 45) = 19.18, p , .001, hp

2 = .30, BF01 = .03, with a
higher error rate under high load (2.68%) than low load (1.24%).
Again, the Stroop effect for MC items (3.67%) was greater than that
of MI items (1.29%), F(1, 45) = 3.13, p = .08, hp

2 = .07, BF01 = 2.03.
Most importantly, the three-way interaction was not significant, F ,
1, BF01 = 4.46, indicating that the item-specific PC effect was equiva-
lent regardless of the concurrent WM load.

Diagnostic Items.
Manipulation Check: Item-Specific Learning Under No WM

Load. A repeated-measures ANOVA with ISPC (MC vs. MI)
and trial type (congruent vs. incongruent) revealed that the

Table 6
Mean Reaction Times (RTs) and Percent Errors of Inducer Items as a Function of the WM Load, ISPC, and Trial Type in Experiment 4

No load Low load High load

ISPC Trial type M (SD) % err (SD) M (SD) % err (SD) M (SD) % err (SD)

Mostly congruent Congruent 656 (82) 0.16 (0.53) 696 (104) 0.58 (1.46) 838 (164) 1.01 (1.46)
Incongruent 771 (130) 1.47 (2.76) 796 (143) 2.22 (3.65) 955 (188) 5.58 (8.81)
Stroop effect 115 1.31 100 1.64 117 4.57

Mostly incongruent Congruent 648 (90) 0.61 (1.77) 698 (121) 0.62 (2.14) 835 (162) 0.70 (2.38)
Incongruent 745 (107) 2.05 (2.77) 776 (129) 1.56 (1.90) 903 (160) 3.45 (4.97)
Stroop effect 97 1.44 78 0.94 68 2.75

ISPC effect 18 �0.13 22 0.70 49 1.82

Note. ISPC = item-specific proportion congruence; WM = working memory.

Figure 6
Reaction Time for Inducer Items as a Function of WM Load, ISPC, and Trial
Type in Experiment 4

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly
incongruent; WM = working memory. Error bars depict one within-subject standard error.
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participants made more errors on incongruent (2.64%) compared
with congruent (.31%) trials, F(1, 45) = 23.15, p , .001, hp

2 = .34,
BF01 = .00. However, the ISPC 3 Trial Type interaction was not
significant, F, 1, BF01 = 4.46.
We again combined inducer and diagnostic items to examine the

pooled ISPC effect in the first (no WM load) block with more obser-
vations. A repeated measures ANOVA with item type (inducer vs.
diagnostic), ISPC (MC vs. MI) and trial type (congruent vs. incon-
gruent) was conducted revealing that error rate was higher in incon-
gruent trials (2.20%) compared with congruent (.35%) trials,
F(1, 45) = 94.75, p, .001, hp

2 = .68, BF01 = .00. The ISPC 3 Trial
Type interaction was not significant, F, 1, BF01 = 6.77. The three-
way interaction was not significant either, F, 1, BF01 = 4.31.
Effects of WM Load. The marginal error rate was greater for

incongruent (3.18%) compared with congruent (.42%) trials,
F(1, 45) = 28.75, p , .001, hp

2 = .39, BF01 = .00. The error rate
was influenced by the WM load, F(1, 45) = 12.64, p , .001, hp

2 =
.22, BF01 = .06, such that the error rate under the high WM load
(2.47%) was higher than that of low WM load (1.13%). Consistent
with the RT results, the ISPC effect was not observed in error rate,
F(1, 45) = .73, p = .40, hp

2 = .02, BF01 = 5.25. The three-way inter-
action was also not significant, F , 1, BF01 = 4.76.

Discussion

As in Experiment 3, the ISPC effect was observed regardless of
whether the WM load was low or high for the inducer items. The
results also mirrored those of Experiment 3 with respect to the
tendency for a numerically larger ISPC effect under the high WM
load (49 ms) compared with the low WM load (22 ms) condition.
A difference from Experiment 3 was that the ISPC effect was not
statistically reliable in the initial no load block although it fol-
lowed the same pattern as the preceding experiments. Given that
the results for the inducer items in Experiment 4 replicated those
of Experiment 3, it does not seem this difference is consequential.
The novel finding in Experiment 4 was that the ISPC transfer

effect for the diagnostic items was abolished under high WM load
(�12 ms), whereas it was highly robust under the low WM load
(41 ms). The significant disruption of the ISPC transfer effect
under high load is striking considering past studies that have dem-
onstrated the robustness of this effect and its apparent immunity to
multiple manipulations designed to disrupt it (for several exam-
ples, see Bugg & Dey, 2018).
The nonsignificant ISPC effect for inducer and diagnostic items in

the initial no load block indicates that learning of the item-control asso-
ciations was weaker in Experiment 4 relative to Experiments 1 – 3.
One possibility is that participants were still learning these associa-
tions by the end of the no load block. To test this possibility, we
included half (first vs. second) as a factor in an additional analy-
sis (see Footnote 19). The ISPC effect did not differ between the
first and second half of the no load block.19 This does not support
the idea that participants were still learning the associations; we
thus believe that the weaker ISPC effect in Experiment 4 com-
pared with the earlier experiments primarily occurred because of
the reduced overall proportion congruency bias (MC: PC 64%,
MI: PC 33%) caused by the addition of the diagnostic items.
Still, one might question whether the lack of an ISPC effect on
diagnostic items under the high load was caused by insufficient
initial learning of the item-control associations.

To address this question, we tested whether the order of the
WM load manipulation (low load first vs. high load first) influ-
enced the degree to which the ISPC effect for diagnostic items
was affected by the high WM load. The idea was that participants
who completed the low load first may have had more opportunity
for additional learning of item-control associations, which may
have made them less vulnerable to the high WM load in the subse-
quent block (compared with participants that completed the high
load first). The results showed that the degree to which the diag-
nostic ISPC effect was disrupted by concurrent high WM load was
not influenced by whether participants started with low or high
WM load (see Footnote 19). Taken together, the findings from
these analyses suggest that insufficient learning might not be the
main cause of the selective impairment of the diagnostic ISPC
effect under high WM load.

The primary take-home message of Experiment 4 is as follows:
whereas reactive control may be automatic with respect to the re-
trieval of control settings for (inducer) items that supported learn-
ing of the item-control associations, this automaticity does not
appear to transfer to novel, unbiased exemplars. We will reserve
discussion of this interesting asymmetry for the General Discus-
sion. First, we report an analysis of the combined data for inducer
items across Experiments 1–4.

Combined Data Analysis

Across four experiments, we found that various WM load
manipulations (storage and updating) did not affect reactive con-
trol, as evidenced by the persistence of the ISPC effect in the low
and high load conditions following an initial learning block.
Although our power analysis (see Experiment 1) indicated that our
experiments were well-powered and in a number of experiments
the ISPC effect was actually larger in the high WM load condition,
we nonetheless thought it would be valuable to provide a more
highly powered test of the effect of concurrent WM load on item-
specific control by combining the data from the Stroop task in the
load blocks in Experiments 1 through 4 (only inducer trials, which
were included in all experiments, were included in this analysis). A
mixed-design repeated measures ANOVA with a between-subjects
factor of unique experiment number (4 levels) and within subjects
factors of WM load (low WM load vs. high WM load), ISPC (MC
vs. MI) and trial type (congruent vs. incongruent) was conducted.

19 A 2 (Half: first, second) 3 2 (ISPC: MC, MI) 3 2 (Trial Type:
congruent, incongruent) repeated-measures ANOVA on diagnostic RT in
the no load block showed a lack of three-way interaction, F , 1, BF01 =
5.00, suggesting that the ISPC effect was not different between the first and
second half of the block (25 ms for the first half and 15 ms for the second
half). The mixed measures ANOVA as a function of the WM block order
(low load first vs. high load first), WM load, ISPC, and trial type confirmed
that the influence of the WM load on the ISPC effect was not modulated by
the order, F(1,44) , 1, BF01 = 4.26. Under high WM load, the diagnostic
ISPC effect was �6 ms (MCStroop = 128 ms, MIStroop = 135 ms) for those
participants who started with the high WM load, immediately followed by
the initial no load block, and it was �17 ms (MCStroop = 95 ms, MIStroop =
122 ms) for those who started with the low WM load. For completeness,
we note that under low WM load, the diagnostic ISPC effect was 40 ms
(MCStroop = 101 ms, MIStroop = 61 ms) for those who started with the low
WM load and it was 40 ms (MCStroop = 138 ms, MIStroop = 98 ms) for those
who started with the high WM load. We thank an anonymous reviewer for
suggesting these analyses.
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The combined data showed that the main effects of WM load,
F(1, 186) = 173.21, p , .001, hp

2 = .48, BF01 = .00, and trial type
on Stroop RT, F(1, 186) = 603.98, p , .001, hp

2 = .76, BF01 = .00,
were highly significant replicating the same pattern as reported in
Experiments 1 – 4. The ISPC effect was significant, F(1, 186) =
88.62, p , .001, hp

2 = .32, BF01 = .00. Lastly and most impor-
tantly, the three-way interaction remained not significant,
F(1, 186) = 2.14, p = .15, hp

2 = .01, BF01 = 7.80, and the BF value
provided substantial evidence favoring the null (see Figure 8). The
ISPC effect was 37 ms under the low WM load (StroopMC = 109
ms, StroopMI = 72 ms) and 49 ms under the high WM load
(StroopMC = 119 ms, StroopMI = 70 ms).
The same mixed-design repeated-measures ANOVA with

z-transformed RT revealed that the main effect of trial type,
F(1, 186) = 750.84, p , .001, hp

2 = .00, BF01 = .00, and ISPC,
F(1, 186) = 42.41, p, .001, hp

2 = .19, BF01 = .00, were significant.
The main effect of WM load was not significant, F , 1, BF01 =
17.53. The ISPC effect was significant, F(1, 186) = 96.66, p ,
.001, hp

2 = .34, BF01 = .00, replicating the pattern observed in raw
RT data. Most importantly, the three-way interaction remained not
significant, F, 1, BF01 = 7.58.
The combined error rate data showed that the main effect of

WM load, F(1, 186) = 9.14, p = .003, hp
2 = .05, BF01 = .57, ISPC,

F(1, 186) = 12.42, p , .001, hp
2 = .06, BF01 = .02, and trial type,

F(1, 186) = 73.84, p, .001, hp
2 = .28, BF01 = .00, were significant.

The ISPC effect was also significant, F(1, 186) = 11.78, p , .001,
hp
2 = .06, BF01 = .15, showing that the Stroop effect for MC items

(2.30%) was greater than that of MI items (1.24%). Finally, the
three-way interaction remained not significant, F , 1, BF01 =
7.13, suggesting that the magnitude of the ISPC was not influ-
enced by WM load.
The results of the combined analysis bolster our conclusion that

the triggering of item-specific control for inducer items continues
to operate efficiently even under WM load, which suggests that it
may operate in an automatic manner. Also, the numerical trends
from the combined analysis showed that the ISPC effect was even
greater (though not significantly so) under the high WM load (49
ms) than low WM load (37 ms) condition. To further examine the
robustness of this numerical trend, we tested it separately based on
the broader category of WM tasks, again focusing the analysis on
the inducer items.20 We combined Experiments 1 and 2 where
memory-items were maintained in WM (i.e., Sternberg-like mem-
ory task) and Experiments 3 and 4 where participants were

constantly updating memory-items in WM (i.e., n-back memory
task). The analysis on the combined data set from Experiments 1
and 2 showed that the three-way interaction was not significant,
F , 1, BF01 = 5.80. In contrast, the analysis on the combined data
set from Experiments 3 and 4 showed that the Load 3 ISPC 3
Trial Type interaction was significant, F(1, 93) = 4.88, p = .03,
hp
2 = .05, BF01 = 2.30, confirming the trend of a larger ISPC effect

under high WM load compared with low WM load.

General Discussion

Traditional theories of cognitive control highlighted slow-acting,
effortful, and strategic, mechanisms. Against this backdrop, the
notion of “automatic control” as forwarded by Jacoby et al. (2003)
as a potential explanation for the ISPC effect was clearly an oxy-
moronic concept (Bugg, 2015a). However, an emerging view rea-
sons that cognitive control may also operate quickly and
effortlessly with adjustments occurring outside of awareness, leav-
ing open the possibility that cognitive control could, under certain
conditions, be automatic. A key line of initial support for this view
stemmed from studies demonstrating ISPC effects—the pattern
whereby Stroop effects are reduced for mostly incongruent items
compared with mostly congruent items—a key indicator of reactive
control (Gonthier et al., 2016; see also evidence for CSPC effects,
e.g., Crump & Milliken, 2009). The ISPC effect is a robust phe-
nomenon that has been reproduced in many experiments and thus
was ideally suited for investigating the present question of whether
reactive control may be automatic with respect to the criterion of
continuing to operate efficiently under load. Extending Spinelli et
al. (2020), the present study systematically examined for the first
time whether the triggering and execution of item-specific control
in the overlapping sets design, a design that is confound-minimized
relative to the two-item set design, is dependent on the amount of
central cognitive resources as could be expected by traditional theo-
ries of control. To address this question, we exposed participants to
the ISPC manipulation in an initial block so that they could learn
the item-control associations. Then in subsequent blocks, we
manipulated concurrent WM load to determine whether retrieval
and execution of previously learned, item-specific control settings
occurred efficiently even when WM load was high.

Table 7
Mean Reaction Times (RTs) and Percent Errors for Diagnostic Items as a Function of the WM Load, ISPC, and Trial Type in
Experiment 4

No load Low load High load

ISPC Trial type M (SD) % err (SD) M (SD) % err (SD) M (SD) % err (SD)

Mostly congruent Congruent 657 (90) 0.38 (1.45) 685 (112) 0.50 (1.63) 828 (134) 2.26 (1.25)
Incongruent 771 (135) 2.85 (3.90) 803 (145) 1.81 (3.11) 941 (180) 5.09 (6.49)
Stroop effect 114 2.47 118 1.31 113 2.83

Mostly incongruent Congruent 650 (86) 0.25 (1.18) 691 (108) 0.50 (2.05) 815 (147) 0.42 (1.61)
Incongruent 746 (115) 2.44 (4.40) 768 (142) 1.71 (3.70) 940 (211) 4.12 (6.79)
Stroop effect 96 2.19 77 1.21 125 3.7

ISPC transfer effect 18 0.28 41 0.10 �12 0.87

Note. ISPC = item-specific proportion congruence; WM = working memory.

20We thank an anonymous reviewer for suggesting this analysis.
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In Experiments 1–3, we examined the effects of three different
WM load manipulations on the ISPC effect while keeping other
design and procedural features the same. In Experiment 1, we
employed a verbal WM load requiring storage of digits (cf. Spine-
lli et al., 2020). In Experiment 2, we employed a visuospatial WM
load requiring storage of spatial locations of visual objects. In
Experiment 3, we switched gears and manipulated updating
rather than maintenance demands, as inspired by previous find-
ings showing other indices of control are detrimentally influ-
enced by updating demands (proactive control; Kalanthroff et
al., 2015; congruency sequence effects; Soutschek et al., 2013).
Finally, in Experiment 4, we used the same updating manipula-
tion but additionally tested diagnostic items to examine whether

the automaticity of reactive control as evidenced in Experiments
1–3 for inducer (training) items transfers to diagnostic items that
are novel, 50% congruent exemplars. The results of all four
experiments are summarized in Figure 9.

There were two major findings that emerged from the present
investigation. First, although the load manipulation was effective
as indicated by slower and/or more errant performance when
responding to the probes in the high load condition than the low
load condition, we repeatedly observed across experiments that
the magnitude of the ISPC effect (on inducer items) was not influ-
enced by concurrent WM load. The ISPC effect was consistently
robust under low and high load conditions. These findings support
the concept of “automatic control” (Jacoby et al., 2003) and the
view that reactive control continues to operate efficiently when a
high load is imposed.

The current findings are consistent with and extend Spinelli
et al. (2020). Several extensions are notable. First, our findings
were observed using a confound-minimized ISPC design, and
not one in which ISPC is perfectly confounded with contin-
gency (thereby making it challenging to determine the contribu-
tion of control and contingency to observed effects). Second,
the design of the present study enabled us to more precisely
conclude that the triggering and execution of item-specific con-
trol (as opposed to learning of the item-control associations) is
not dependent on WM maintenance or updating resources. In
Spinelli et al. the WM load was imposed from the beginning of
the ISPC paradigm such that any effect of load could have been
attributable to the dependence of learning on WM resources
rather than item-specific control per se. Third, the results also
significantly extended their findings by showing that item-spe-
cific control remained robust regardless of the type of concur-
rent WM task. Unlike Spinelli et al., who used a verbal WM
load across their experiments, we used verbal WM (Experiment
1), visuospatial WM (Experiment 2), and n-back updating
(Experiment 3 and 4) loads, and all revealed the automatic

Figure 7
Reaction Time for Diagnostic Items as a Function of WM Load, ISPC, and Trial
Type in Experiment 4

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly
incongruent; WM = working memory. Error bars depict one within-subject standard error.

Figure 8
Reaction Time of Combined Data From Inducer Trials as a
Function of WM Load, ISPC, and Trial Type

Note. ISPC = item-specific proportion congruence; MC = mostly congru-
ent; MI = mostly incongruent; WM = working memory. Error bars depict
one within-subject standard error.
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nature of item-specific control (no effect of load on the ISPC
effect) for inducer items, a pattern confirmed by our cross-ex-
perimental analysis.
The second major finding was that the ISPC effect for diagnos-

tic21 items (i.e., ISPC transfer effect) was abolished under high
WM load but not low WM load. This is striking considering both
the robustness of the ISPC effect for inducer items to the WM
load manipulations in all of the present experiments, and the
robustness of the ISPC effect and ISPC transfer effect to various
manipulations designed to disrupt the effects in prior experiments
(Bugg & Dey, 2018). An intriguing theoretical question is why
performance on the diagnostic but not inducer items was suscepti-
ble to the load manipulation, that is, why the ISPC transfer effect
does not appear to be governed by the same automatic processes
as the ISPC effect. Here, we propose two potential explanations
which we refer to as the strength of learning hypothesis and
abstraction hypothesis. The strength of learning hypothesis posits
that diagnostic items failed to trigger their corresponding control
settings under high load because participants had less experience
with diagnostic items (one presentation of a diagnostic item for ev-
ery two presentations of an inducer item) and therefore less experi-
ence retrieving the requisite item-control associations in response
to these items. This hypothesis fits with the theoretical possibility
that reactive control, like other skills, may develop with experi-
ence (practice), with increases in skill learning corresponding to
increases in automaticity (Shiffrin & Schneider, 1977), which
could conversely explain why the ISPC effect for inducer items
was highly robust to the load manipulation. However, the results
of the additional analyses suggested by the reviewer (see Footnote
19) did not support the view that insufficient (weaker) learning
was the primary cause of the disruption to the ISPC effect for diag-
nostic items under high load.
The abstraction hypothesis posits that the retrieval and execu-

tion of item-specific control settings is automatic only for items
that supported learning of the item-control associations and not for
similar but distinct items. The inducer items were mostly congru-
ent or mostly incongruent. Experiences with these items thus
afforded participants the opportunity to learn which animals were

associated with a low probability of conflict and which were asso-
ciated with a high probability of conflict, and importantly, the op-
portunity to adjust control accordingly directly in response to
these items (i.e., relaxing or heightening control, respectively).
Thus, these items enabled participants to directly learn item-con-
trol associations. In contrast, diagnostic items were 50% congruent
regardless of the animal category—and therefore experiences with
these items did not directly contribute to learning differences
between mostly congruent and mostly incongruent items. Rather,
participants had to generalize the item-control associations learned
from the inducer items to the diagnostic items. Possibly this
requires a degree of abstraction that is not supported by automatic
control processes. In other words, an extra step may be needed to
retrieve the indirectly associated control settings in the case of
diagnostic items (e.g., a matching of the exemplar with the inducer
exemplars; an overcoming of the initial tendency to retrieve a con-
trol setting representing a 50% item as opposed to a biased (67%
or 33%) category), and this extra step may require WM resources.

Another interesting possibility is that the differential effects of
the WM load manipulation on the ISPC effect for inducer and
diagnostic items may indicate that representations of inducer and
diagnostic items and their associated control settings were
retrieved from different sources, long-term and WM, respectively.
This would fit with findings from the visual search literature show-
ing that targets that reappear across trials are initially held in WM
but subsequently search is controlled by representations in long-
term memory (Woodman et al., 2013). A hybrid learning/abstrac-
tion hypothesis could capture this distinction by positing that the
relatively large amount of experience repeatedly retrieving and
executing control settings for the inducer items led to the requisite
representations (item-control associations) being stored in long-
term memory whereas the representations for the diagnostic items
were stored in WM. On this hybrid view, the diagnostic items
were vulnerable to interference from a high WM load not solely
because they required abstraction but also because representations

Figure 9
Stroop Effect for MC and MI Items as a Function of the WM Load in Experiments 1– 4

Note. ISPC = item-specific proportion congruence; MC = mostly congruent; MI = mostly incongruent; WM = working memory. The error bars depict
one within-subject standard error.

21 Recall that diagnostic items refer to novel exemplars (i.e., distinct
from inducer items) from MC or MI animal categories for which there was
an equal proportion of congruent and incongruent trials.
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of these items (including their item-control associations) required
WM (similar to how representations of task sets have been pro-
posed to be held in WM; see, e.g., Monsell, 2003; Oberauer et al.,
2013).
Future research is needed to test these hypotheses. One potential

strategy for doing so is inspired by several recent findings demon-
strating a single prior experience with a control setting is sufficient
to create an item-control association that can be retrieved after at
least several intervening trials. Brosowsky and Crump (2018)
showed that a control setting associated with a unique object
(prime object) during a flanker task was later retrieved when the
same object reappeared (probe object) even after a few hundred
trials. More recently, Whitehead et al. (2020) extended this finding
to a task-switching paradigm. Participants were presented with a
picture of an object followed by either a task switch or a repetition
of the same task. When the picture of the object was presented a
second time two to seven trials later, switch-cost was reduced if
the object was previously associated with a switch compared with
when it was associated with a repeat of the task. Considered in
conjunction with the present findings, an interesting and informa-
tive avenue for future research would be to examine the effects of
WM load on item-specific control in such “one-shot” learning
paradigms. The strength of learning hypothesis would predict that
item-specific control that is based on a single experience with an
inducer item should not be automatic and rather would be vulnera-
ble to disruption when under load. However, if that single experi-
ence is stored in long-term memory, as certainly seems to be the
case for effects observed by Brosowsky and Crump, then even
control based on a single experience could be automatic according
to the hybrid hypothesis. Investigations such as this would allow
researchers to further develop theory regarding the automaticity of
reactive control and define other potential boundary conditions for
the automaticity of reactive control.

Different Reactive Control Mechanisms, Different
Operating Characteristics?

The findings of Experiments 3 and 4 are also interesting in con-
junction with earlier findings from Soutschek et al. (2013) in that
they raise the possibility of another type of boundary condition for
automatic control pertaining to the type of reactive control mecha-
nism. In Soutschek et al. participants performed a color-word
Stroop task with a concurrent n-back task (0-, 1-, and 2-back task).
The congruency sequence effect was evident under 0-back task
load, such that RT was faciliated following the previous incongru-
ent trial. However, the effect disappeared under concurrent 1-back
and 2-back task load. In Experiments 3 and 4 of the present study,
we found that the ISPC effect was evident under 0-back task load
and under concurrent 2-back task load (we did not test a 1-back
task load as that would have greatly reduced observations in the
other conditions). According to the dual mechanisms of control
account (Braver et al., 2007), both congruency sequence effects
and ISPC effects are indices of reactive control and therefore these
contrasting patterns raise the question of whether different types
of reactive control may have differing operating characteristics
(see also Aschenbrenner & Balota, 2019, for evidence that the two
effects are additive suggesting they represent independent proc-
esses), including the degree to which they operate automatically
(i.e., efficiently under a concurrent load).

Essentially, the question is why the updating demands imposed
by the n-back memory task interfered with the adjustments in con-
trol assessed by Soutschek et al. (2013) but not the adjustments in
control assessed in the present study. The n-back task requires
updating to-be-remembered information on a trial-by-trial basis,
and in the case of the higher load conditions (1-back or 2-back)
actively retaining information from at least one preceding trial.
One possibility is that the n-back task interfered with the carry-
over of congruency information or control from the preceding to
the current trial, and thereby disrupted the congruency sequence
effect (the intertrial relationship). In contrast, item-specific control
in the present paradigm did not require retention of congruency in-
formation from the preceding trial. Participants flexibly retrieved
the requisite control setting on each trial, but the ISPC effect was
not dependent on carry over of control to the next trial. Another
possibility invokes the hybrid hypothesis we discussed in the
above section—sequential congruency effects may depend more
on representations stored in WM compared with ISPC effects (at
least for inducer items), which may depend more on representa-
tions stored in long-term memory.22

We can rule out the less interesting possibility that the congru-
ency sequence effect was detrimentally affected by load (while the
ISPC effect was not) because Soutschek et al. (2013) did not use a
confound-minimized design. Their analyses controlled for feature
(stimulus and response) repetitions, but the design did not control
for contingency-learning contributions to the congruency sequence
effect (Schmidt & Weissman, 2014) and prior research has shown
that contingency-learning is detrimentally affected by WM load
(Schmidt et al., 2010; Spinelli et al., 2020). Thus, one might sug-
gest that the detrimental effects of load on the congruency
sequence effect in Soutschek et al. reflect a contingency learning
confound. Critically, however, if a contingency learning confound
explained the Soutschek et al. (2013) findings, they should also
have found that the load manipulation targeting WM maintenance
in Experiment 1 of their study detrimentally affected the congru-
ency sequence effect since this is the type of manipulation used by
both Schmidt et al. (2010) and Spinelli et al. (2020). However,
that manipulation did not disrupt the congruency sequence effect.

22 To more directly compare the results of Soutschek et al. (2013) and
ours, we calculated the congruency sequence effect by using the combined
data sets from Experiment 3 and 4. As in Soutschek et al., trials with the
feature repetition (e.g., a word/picture in previous trial repeated in the
current trial) and previous incorrect responses were eliminated.
Additionally, we aggregated the MC and MI items for this analysis. A 3
(WM Load: no vs. low vs. high load) 3 2 (Prior Trial Type: congruent vs.
incongruent) 3 2 (Current Trial Type: congruent vs. incongruent)
repeated-measures ANOVA on RT revealed a congruency sequence effect
(i.e., Prior Trial Type 3 Current Trial Type interaction), F(1,93) = 4.05,
p = .05, hp

2 = 0.04, BF01 = 7.00, showing a smaller Stroop effect following a
previous incongruent trial. When the congruency sequence effect was
separately tested for each WM condition, it was marginally significant
under no load, F(1,93) = 3.75, p = .06, hp

2 = .04, BF01 = 1.63, but not
significant under either low, F(1,93) = 2.39, p = .13, hp

2 = .03, BF01 = 3.60,
or high WM load, F , 1, BF01 = 6.06. Although these patterns generally
mirror Soutschek et al., we did not find that the congruency sequence effect
was significantly modulated by WM load, F(2,186) = 0.27, p = .75, hp

2 =
.00, BF01 = 26.25. However, the results must be interpretated with caution
because our task was not designed to address this question (thus, 48% of
trials were eliminated from the analysis based on the criteria above and
cells were not equally balanced) and the ISPC manipulation might have
hindered the pure sequential effects in this analysis.
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Regardless of the precise explanation for the differing effects of
WM load on the congruency sequence effect and the ISPC effect,
the key point for present purposes is that not all forms of reactive
control are necessarily automatic.

Limitations and Future Directions

In addition to pursuing the theoretical ideas discussed in the pre-
ceding sections, including studies that contrast the hypotheses we
proposed, a number of other directions would paint an even richer
picture of the efficiency of reactive control. The present findings
in conjunction with several ERP and neuroimaging studies point
to one such future direction. Briefly, prior studies have demon-
strated neural underpinnings of ISPC effects early in visual proc-
essing (Blais et al., 2016; Shedden et al., 2013; cf. King et al.,
2012). For example, using ERPs, Shedden et al. found that MC
and MI items were differentiated quite early with differences
observed in the N1 component (mean latency 150–175 ms after
onset of stimulus) in the parieto-occipital area. This early segrega-
tion implies that early visual perception of an item may be the key
signal that automatically triggers corresponding control settings
(cf. Blais et al., 2016). This raises the interesting theoretical possi-
bility that perceptual interference during the encoding of stimuli
could prevent initiation of item-specific control.
Another future direction is to follow up on the overall trend of

larger ISPC effects under higher WM load in the present study,
which was a significant effect in the exploratory analysis targeting
the combined data sets from Experiment 3 and 4. It is interesting
to consider why this pattern emerged (see also Moss et al., 2020,
for a similar pattern showing larger congruency sequence effects
in error rate under high compared with low load). One possibility
is that it may reflect a shift to more cost-saving processing (e.g.,
effort or other resources) under high load (see, e.g., Mäki-Marttu-
nen et al., 2019, for supportive evidence in an AX-CPT task). This
aligns with Spinelli and colleagues’ (2020) view that reactive con-
trol may be “an even more convenient option than it is when
[WM] resources are intact” (p. 19). However, it is important to
clarify that we are not suggesting participants shift from purely
proactive control in the low load (or even the no load condition) to
reactive control in the high load condition–if participants engaged
only proactive control in the low load (or no load) condition, we
should not have observed ISPC effects. Rather, the suggestion is
that a high load may have shifted participants’ toward even greater
use of reactive control. That is, in the low load condition partici-
pants may have occasionally tried to proactively filter the distract-
ing words on some trials since they had available resources to do
so. Since use of proactive control leads to weaker or absent ISPC
effects, this may have produced nominally smaller ISPC effects in
the low load condition.
Another possibility is that the tendency for the ISPC effect to be

larger under high load may indicate that reinforcement learning
was facilitated in that condition. This possibility is based on a con-
sideration of two separate findings. First, the learned value of con-
trol model (Lieder et al., 2018), which is based on reinforcement
learning principles, successfully captured the ISPC effect and
other effects demonstrating that individuals learn to exert more
control in response to certain features (i.e., features associated
with MI items). Second, Collins et al. (2017) showed that the neu-
ral signatures of reinforcement learning were more potent under

higher WM load. In their study, participants were shown unique
objects one at a time and asked to press the correct key among
three possible keys. The correct response for each object was not
instructed to participants but feedback was given after each trial
enabling participants to acquire the object-key mappings via trial
and error (reinforcement learning processes). WM load was
manipulated by varying the number of unique objects (six different
objects under high load or one single object under low load) within
a block. It was found that brain areas associated with reinforce-
ment learning (e.g., striatum, left lateral prefrontal cortex, and pa-
rietal cortex) showed a stronger BOLD signal under the high load
compared with low load condition. This suggests reinforcement
learning signals were more robust when available central resources
were scarce, and converges with a later finding showing reinforce-
ment learning was enhanced in a high WM load condition (Collins
et al., 2017). To the extent that item-specific control can be con-
ceptualized as a process based on reinforcement learning (Lieder
et al., 2018; but see Bejjani et al., 2020), it may be that the present
trend of larger ISPC effects in the high load condition also reflects
the interaction of reinforcement learning and WM.

The present study also had a few limitations that could be
addressed in future studies. First, although we found participants
were significantly less accurate and slower to respond to the WM
task on high WM load compared with low WM load trials, it might
be suggested that our participants represented higher WM capacity
individuals that were, perhaps, immune to the effects of load on
the ISPC effect. However, there is thus far little evidence suggest-
ing that WM capacity modulates the ISPC effect (Hutchison,
2011; Spinelli et al., 2020) with the exception of Hutchison (2011)
observing an ISPC effect in error rate selectively for the low WM
capacity group (both low and high groups showed the effect in
RT). Thus, if anything, we should have observed smaller ISPC
effects in the present study if we had a nonrepresentative sample
comprising only or mostly high WM capacity individuals. Still,
future studies should examine the reproducibility of the present
patterns in other populations. For example, it has been shown that
older adults produce ISPC effects in the ISPC paradigm we
employed that are similar in magnitude to younger adults’ effects
(i.e., Bugg, 2014). Thus, it would be interesting to examine
whether a WM load manipulation disrupts ISPC effects for older
adults. Such disruption may suggest that while older adults pro-
duce comparably sized ISPC effects to younger adults, the effect
may not reflect automatic retrieval and execution of control
settings.

A second limitation pertains to our decision to design our
experiments to better isolate the retrieval and execution of item-
specific control settings from the learning of item-control associa-
tions. Specifically, we had participants experience an initial block
of �200 trials to learn the item-control associations before imple-
menting the load manipulation. Consequently, this design did not
enable us to examine whether such learning continues to occur
efficiently under concurrent load and yet this learning is a critical
component of reactive control. Thus, future studies should exam-
ine the degree to which load affects this component. Based on the
findings of Spinelli et al. (2020), one might not expect load to
affect learning; however, it is difficult to generalize their findings
to the overlapping sets design used in the present study. Prior evi-
dence from Jacoby et al. (2003) using the same design as Spinelli
et al. found that learning of the item-response associations (i.e.,
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contingency learning) occurs already within just 16 trials (Jacoby
et al., 2003), thus not leaving much of a window for investigating
effects of load on learning per se. An experiment that uses a similar
design to the present one but breaks the initial block into several
ISPC-matched mini blocks might enable examination of whether
the time course of learning varies between conditions in which no
load occurs in that first block relative to low or high WM load.
Lastly, we used a confound-minimized design (Braem et al., 2019)

in the present study. Although this design is preferable to the con-
found-prone two-item set design (see Spinelli et al., 2020), this design
does leave open the possibility that contingency learning (i.e., predic-
tion of high contingency responses based on the word) could contrib-
ute to the ISPC effect because the words are 56% and 38% congruent
for MC and MI items, respectively (though no study to date has estab-
lished that this confound produces the ISPC effect in this design;
Braem et al., 2019). As we have noted (Bugg & Dey, 2018) and dem-
onstrated previously (e.g., Bugg et al., 2011; Experiment 2 vs. Experi-
ment 3), the mere presence of the ISPC effect does not disambiguate
the contingency and control accounts. What does do so, though, is the
specific pattern that the ISPC effect (PC 3 Trial Type interaction)
takes (see Bugg, 2015b for further discussion), and the ISPC pattern
observed in the current experiments (and the prior experiments that
used this design; Bugg et al., 2011; Bugg & Dey, 2018; Bugg &
Hutchison, 2013) is not consistent with a contingency-learning mecha-
nism. Specifically, contingency-learning should produce faster RTs for
high-contingency compared with low-contingency cells—this predic-
tion lies at the heart of the contingency-learning account of the ISPC
effect (see Schmidt & Besner, 2008; for evidence supporting this pre-
diction in the two-item set design). In the present design, this means
that congruent trials for MC items should have been significantly faster
than congruent trials for MI items. This prediction reflects that it is the
congruent cells (MCC vs. MIC respectively) which differ most dra-
matically in contingency. This is because congruent word distractors
(e.g., BIRD and CAT) appear much more often in congruent trials
than in each possible incongruent trial for MC items (making the con-
gruent response highly contingent) but for MI items the word distrac-
tors (e.g., FISH and DOG) are not more predictive of the congruent
response.
To test this prediction in the present data, we examined whether

the MCC cell yielded faster RTs than the MIC cell (i.e., we com-
pared the congruent cells; see Figure S1, Table S16, and full report
of analysis in the online supplemental materials). Inconsistent with
a contingency learning account of the ISPC effect, the results
showed that there was not a difference. In contrast, there was a sig-
nificant difference between the MCI and MII cells (i.e., the incon-
gruent cells) such that participants were faster for the MII cell
which is consistent with the item-specific control account (Bugg,
2015b; Bugg et al., 2011; Bugg & Hutchison, 2013) and computa-
tional models of item-specific control (Blais et al., 2007; Verguts
& Notebaert, 2008)) showing that item-specific control is conflict-
dependent (i.e., triggered in the face of conflict on incongruent tri-
als). The ISPC effect (i.e., interaction of PC and trial type), which
considers movement in both congruent and incongruent trials, is
thus clearly significant because of the effect on the incongruent tri-
als and not the congruent trials. The absence of a difference
between the MC and MI items on congruent trials (and the finding
that for no-load trials, the difference between these trials is
actually in the opposite direction than anticipated on a contin-
gency-learning view23), a difference that is most clearly predicted

by a word-based contingency-learning mechanism in the present
design and a difference that is evident when the overlapping sets
design is modified to bias participants to use contingency learning
(by making the irrelevant word dimension the ISPC signal; see
Bugg et al., 2011; Experiment 3), strongly suggests that contin-
gency learning is not making a significant contribution to the ISPC
effect in the present experiments.

Additionally, it is notable that the overlapping sets design used
here where the words are 56% versus 38% congruent for the MC
and MI items is precisely the design used by Bugg and Hutchison
(2013; Experiment 2) for the inducer trials in their study. What
differed was their approach to assessing transfer (i.e., the type of
diagnostic item). To assess transfer, they presented new words in
the trained colors in a final block of trials following learning of the
ISPC effect (e.g., if the colors blue and red were MC and the col-
ors white and green were MI, the inducer items comprised these
trained colors and corresponding words [like the pictures and
words in the present study]). The diagnostic items were also pre-
sented in blue, red, white, or green ink but the words differed from
the inducer trials (e.g., YELLOW, PINK). The key finding was
that participants were faster to name the color of these new words
when they appeared in a MI ink color compared with an MC ink
color. This demonstrated transfer of item-specific control from the
inducer items to novel items comprising new words, which cannot
be explained by any carry-over of contingency information from
the word distractors on the inducer trials. Given we used exactly
the same design for the inducer trials in the present study, this
finding further supports an interpretation of the present ISPC
effects based on item-specific control and not contingency learn-
ing. If the design encouraged contingency learning, Bugg and
Hutchison should not have found transfer.

Finally, the contingency account also does not appear to be a
plausible explanation of the current findings because in the two
studies that have directly examined the effects of WM load on
contingency learning (Schmidt et al., 2010; Spinelli et al., 2020),
WM load significantly disrupted the contingency learning effect.
This leads to the prediction that we should have found a significant
disruption to the ISPC effect in the present study if the effect was
driven by contingency learning—our results clearly did not sup-
port this prediction and, if anything, the trend was for a larger
ISPC effect under higher WM load. One might then suggest that
contingency learning could explain why the ISPC effect was dis-
rupted under higher WM load for the diagnostic items but not the
inducer items. However, the words were the same for inducer and
diagnostic items (resulting in a similar predictiveness of the words
when diagnostic trials are factored in 54% vs. 43% congruent for
MC vs. MI), and these same contingencies were present under
lower load where the ISPC effect was found for diagnostic items.
Thus, a contingency account also does not appear to provide a
coherent account of this pattern.

23 In addition, we conducted the same analysis with trials under no load
to rule out any contaminating influence of the concurrent WM load (Table
S16 in the online supplemental materials). The difference between MCC
and MIC cells in the no load block showed that RT was significantly slower
for the MCC cell compared with the MIC cell (649 ms), which is opposite
to what the contingency learning account predicts. The MCI cell (783 ms)
was again significant slower than the MII cell (740 ms). The analysis is
reported in the online supplemental materials.
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In sum, although it is theoretically possible that the ISPC effect
could in part reflect contingency learning in the confound-minimized
design we employed, the evidence does not support this interpreta-
tion either in the present experiment or in past studies. Nonetheless,
should better confound-minimized designs or confound-free designs
(it remains to be determined whether this is possible given effects are
rarely process pure) be developed and vetted that enable one to calcu-
late an ISPC effect for inducer and diagnostic items, then it would be
valuable to seek further converging evidence for the automaticity of
item-specific control using such designs.24

Conclusion

In the present study, we investigated the automaticity of reactive
control, namely the retrieval and execution of previous learned item-
specific control settings. Across four experiments, we found consist-
ent evidence that item-specific control continued to operate effi-
ciently regardless of the concurrent WM load (low or high), type of
WM contents (verbal or visuospatial), and the processing mode for
WM contents (maintenance or updating). This pattern was observed
for inducer items, which were directly associated with the differing,
item-specific control settings (PC-25 or PC-75) via prior learning
experiences. Quite interestingly, this pattern was not observed for
diagnostic items—exemplars from the same category as the inducer
items that were unbiased (PC-50) across animal categories. For the
diagnostic items, the ISPC effect was observed in the low WM load
condition but it was abolished under the high WM load condition, as
shown in Experiment 4 where updating demands were manipulated.
Together, these novel findings converge in suggesting that retrieval
and execution of item-specific control settings is efficient regardless
of the available central resources but only when the exact items are
presented that supported the learning of the item-control associa-
tions. Our findings thus provide the first systematic evidence reveal-
ing the automatic nature of item-specific control including one
boundary condition. Future research can inform the question of why
inducer but not diagnostic items yield automatic control and why cer-
tain types of reactive control (i.e., ISPC effects) appear to be auto-
matic while others (i.e., congruency-sequence effects) do not. In
sum, the term “automatic control” (Jacoby et al., 2003) may not be
entirely oxymoronic, and the present findings demonstrate that it is
in fact possible to achieve high levels of cognitive control under con-
ditions of high load, which may have practical implications for occu-
pations such as air-traffic control.
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