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Abstract
The present study investigated global behavioral adaptation effects to conflict arising from different distractor modalities. 
Three experiments were conducted using an Eriksen flanker paradigm with constant visual targets, but randomly varying 
auditory or visual distractors. In Experiment 1, the proportion of congruent to incongruent trials was varied for both dis-
tractor modalities, whereas in Experiments 2A and 2B, this proportion congruency (PC) manipulation was applied to trials 
with one distractor modality (inducer) to test potential behavioral transfer effects to trials with the other distractor modality 
(diagnostic). In all experiments, mean proportion congruency effects (PCEs) were present in trials with a PC manipulation, 
but there was no evidence of transfer to diagnostic trials in Experiments 2A and 2B. Distributional analyses (delta plots) 
provided further evidence for distractor modality-specific global behavioral adaptations by showing differences in the slope 
of delta plots with visual but not auditory distractors when increasing the ratio of congruent trials. Thus, it is suggested that 
distractor modalities constrain global behavioral adaptation effects due to the learning of modality-specific memory traces 
(e.g., distractor–target associations) and/or the modality-specific cognitive control processes (e.g., suppression of modality-
specific distractor-based activation). Moreover, additional analyses revealed partial transfer of the congruency sequence 
effect across trials with different distractor modalities suggesting that distractor modality may differentially affect local and 
global behavioral adaptations.

Keywords  Conflict tasks · Eriksen flanker · Cross modal · Multimodal · Congruency effects · Delta plots · Cognitive 
control

We are continuously confronted with an extensive amount 
of multimodal information (e.g., auditory and visual stim-
uli), with only a subset (i.e., targets) being relevant for our 
current task goal. Unfortunately, the capacity of the human 
information processing system is limited in a way that not 
all sensory information can be equally processed (Cowan, 
1988). Furthermore, task-irrelevant information (i.e., dis-
tractors) can also harmfully interfere with target process-
ing. To support flexible-goal-directed behavior, several 
possibilities have been suggested, like focusing attention on 
targets (e.g., Egner & Hirsch, 2005; Fischer et al., 2008; 
Lavie, 2010; Lavie et al., 2004; Notebaert & Verguts, 2008), 

suppressing distractors (e.g., Amer et al., 2016; Hasher et al., 
1999; Stürmer et al., 2002; Treccani et al., 2018; Wühr & 
Ansorge, 2005), and adjusting processing based on learned 
environmental regularities (e.g., Braem et al., 2014, 2019; 
Chen et al., 2021; Logan & Zbrodoff, 1979; Schmidt, 2013a, 
b, 2019). However, the interplay of target and distractor pro-
cessing across different modalities remains still relatively 
unexplored. In the present study, we hope to provide some 
further insights into this issue by exploring interference 
(e.g., response conflict) arising from different distracting 
modalities. Specifically, we examined global1 behavioral 
adjustments (i.e., proportion congruency effect) in the Erik-
sen flanker task under the presence of visual targets with 
either visual or auditory distracting information.
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1  To be precise, we will use the term (global) behavioral adjustments 
to describe a change in behavior visible in error rates and reaction 
time that is based on the implemented global (proportion of congru-
ency) manipulation.
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The Eriksen flanker task

Conflict tasks are commonly used in the laboratory to shed 
light on the mechanisms underlying goal-directed behav-
ior by presenting participants with task-relevant and task-
irrelevant, potentially conflicting sources of information 
(Eriksen & Eriksen, 1974; Simon, 1990; Stroop, 1935). 
One of the most well-known conflict tasks is the Eriksen 
flanker task (Eriksen & Eriksen, 1974). In the most typi-
cal version of this task, participants are asked to respond 
to a central visual target while ignoring the surrounding 
irrelevant visual flankers (distractors). Responses are typi-
cally faster and less error-prone when responses associated 
to target and distractor match (e.g., HHHHH and SSSSS; 
congruent trials) compared with mismatch (e.g., SSHSS 
and HHSHH; incongruent trials; e.g., Eriksen & Schultz, 
1979; Hübner & Töbel, 2019; Servant & Logan, 2019). 
This so-called flanker effect (and other congruency effects) 
are usually explained within dual-route models accord-
ing to which activation produced by target and distractor 
features are processed along separate processing routes 
(Egner, 2007; Hübner et al., 2010; Kornblum et al., 1990; 
Ulrich et al., 2015). Congruency effects arise because 
these two types of activations converge at some point dur-
ing task processing thereby improving (congruent trials) or 
worsening (incongruent trials) task performance. The vis-
ual flanker effect, for example, is attributed to insufficient 
attentional filtering of flankers, which leads to competing 
response activations in the case of incongruent trials (e.g., 
Mattler, 2005).

While flanker stimuli were first presented only in the 
visual modality, later studies have also observed robust 
congruency effects with other distractor modalities, such 
as auditory (e.g., Chan et al., 2005; Ulrich et al., 2021) or 
tactile flankers (e.g., Baciero et al., 2021; Wesslein et al., 
2014, 2015). For example, in a recent study by Ulrich et al. 
(2021), robust flanker effects were observed when partici-
pants were required to respond to a central visual target (a 
letter H or S) while ignoring auditory flankers (i.e., spoken 
letters H or S). Thus, while the traditional visual flanker 
effect shows that visual stimulus activations cause interfer-
ence during task processing, this crossmodal flanker effect 
demonstrates that interference can also be created by acti-
vations produced from both visual and auditory stimuli. 
This is in line with findings from other (non-conflict task) 
studies indicating that information from different input 
modalities can be integrated to form a coherent represen-
tation during task processing (e.g., Falchier et al., 2002; 
Frings & Spence, 2010; Fu et al., 2020; Spence & Ho, 
2015; for a review, see Turk, 2014). Thus, with both vis-
ual and auditory distracting information, distractor-based 
and target-based activations superimpose to produce the 

observed congruency effects (e.g., Ulrich et al., 2021; 
Mattler, 2005). While this may suggest that at least par-
tially shared processing operations are involved in dealing 
with different distractor-modalities, we might adapt our 
behavior exclusively in a modality-specific manner (e.g., 
Stephan & Koch, 2016; Yang et al., 2017). For example, it 
is possible that different modality-specific control mecha-
nisms are required if the point at which distractor-based 
activation from visual and auditory stimuli feeds into the 
task-relevant visual processing stream might differ (for a 
similar speculation, see e.g., Ulrich et al., 2021). To shed 
further light on the underlying mechanisms with different 
distractor modalities, we investigated whether one hall-
mark effect reflecting global behavioral adaptation of con-
gruency effects, the proportion congruency effect (PCE), 
transfers across the Eriksen task with visual and auditory 
flankers.

The proportion congruency effect

Several studies have shown that the visual flanker effect (as 
well as other congruency effects) is larger in blocks where 
the proportion of congruent trials is high compared with low 
(for a review, see Bugg & Crump, 2012; e.g., Forster et al., 
2011; Gratton et al., 1992; Jost et al., 2022; Wendt & Luna-
Rodriguez, 2009). It has been proposed that this PCE essen-
tially emerges based on two, mutually not exclusive, imple-
mentations of adaptive processing regulations. According 
to cognitive control accounts, processing is regulated based 
on higher-level cognitive control mechanisms (e.g., Egner & 
Hirsch, 2005; Logan & Zbrodoff, 1979). For example, target 
processing is enhanced and/or distractors are more strongly 
suppressed when distractors are more likely to produce con-
flict. According to memory accounts, processing is regulated 
based on lower-level memory traces which, for example, 
operate on statistical regularities without necessarily involv-
ing any higher-level cognitive control (e.g., Hommel et al., 
2004; Luo et al., 2022; Mayr et al., 2003; Schmidt, 2013a, 
b). For example, participants learn that specific distractor-
response associations appear more versus less frequently in 
blocks with a high- versus low-proportion of congruent trials 
(hereafter: high versus low PC blocks) (contingency learn-
ing, e.g., Schmidt & Besner, 2008). In the Eriksen flanker 
task with two letters as used in the present study (H and S), 
for example, the distractor letter H is more often paired with 
the target letter H than S in high than low PC blocks which 
boosts the PCE due to selective performance improvements 
in congruent trials in high PC blocks and in incongruent 
trials in low PC blocks. Several studies have provided evi-
dence for both accounts by using list-wide PC manipulation 
as well as item- and tasks-specific PC manipulations (e.g., 
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Bausenhart et al., 2021; Jacoby et al., 2003; for an overview, 
see Bugg & Crump, 2012).

Critically, to our knowledge, no study has examined 
whether the PCE obtained in trials with distractors in one 
modality (e.g., visual) can generally transfer to trials with 
distractors in another modality (e.g., auditory). To make a 
first step in addressing this issue, participants in the present 
study were required to always respond to a central visual 
target (H or S) as in the classical Eriksen flanker task (Erik-
sen & Eriksen, 1974) and the flankers were either visual 
(e.g., HSH) or auditory (e.g., spoken letters presented via 
headphones or loudspeakers). As is elaborated in more detail 
later, after we established whether a PCE can be observed 
in this bimodal auditory-visual flanker paradigm, we selec-
tively applied a PC manipulation to one of the two flanker 
modalities (i.e., inducer distractor modality with high ver-
sus low PC) to investigate the potential transfer to the other 
modality (i.e., diagnostic distractor modality with equal PC).

Although the present study was not designed to contrast 
cognitive control versus memory accounts underlying the 
PCE—and instead to provide a strong test whether the PCE 
obtained in trials with distractors in one modality (e.g., 
visual) can generally transfer to trials with distractors in 
another modality (e.g., auditory)—the results can also help 
advance theorizing along these accounts.2 According to cog-
nitive control accounts, there could be transfer of the PCE 
across trials with different distractor modalities if cognitive 
control strengthens (visual) target processing and/or sup-
presses (visual or auditory) distractors in an amodal manner 
(e.g., Botvinick et al., 2001). Consider also that dual-process 
conflict-task models often (at least implicitly) assume that 
postperceptual—and hence presumably abstract (amodal)—
activations are superimposed during decision-making (e.g., 
Botvinick et al., 2001; De Jong et al., 1994; Eimer et al., 
1995; Ulrich et al., 2015). According to memory accounts 
(e.g., contingency learning), there could also be transfer of 
the PCE across trials with different distractor modalities 
if participants learn, at least partially, the pairing of spe-
cific distractor-response links in an amodal manner (e.g., 
the modality-unspecific identity of the distractor letter H is 
more often paired with the target letter H in high PC blocks). 
Thus, there are good reasons to assume that we will observe 
global behavioral adaptation effects with different distrac-
tor modalities when the target remains visual. On the other 

hand, clear differences in processing auditory versus visual 
stimuli (e.g., Bendixen et al., 2010) might also result in dis-
tractor modality-specific global behavioral adaptations (e.g., 
learning from modality-specific stimulus–response links).

It seems difficult to predict the outcome of this study 
when considering prior studies with PC manipulations to 
visual tasks. For example, Bausenhart et al. (2021) inter-
mixed the standard visual Eriksen task with a standard vis-
ual Simon task (i.e., location as distractor) and investigated 
transfer of the inducer conflict task (with high versus low 
PC) to the diagnostic conflict task (with equal PC). While 
they replicated standard PCE for the inducer task, no trans-
fer effects were found in diagnostic tasks. Considering that 
they used the same targets for both tasks (i.e., H versus S), 
it seems that the underlying processing mechanisms of a PC 
manipulation are restricted to the specific type of distractors 
(i.e., location in the Simon task or identity of flankers in the 
Eriksen task) or to the specific target location (i.e., left ver-
sus right in the Simon task or central in the Eriksen task). On 
the other hand, there are also some hints for distractor-gen-
eral effects with other combinations of conflict tasks (e.g., 
Funes et al., 2010; Wühr et al., 2015). For example, Funes 
et al. (2010) used a similar approach as Bausenhart et al. 
(2021), but they intermixed a spatial Stroop with a Simon 
task and conflict in both cases was based on the location of 
the target (up/down: Stroop and left/right: Simon). Thus, this 
study indicates that transfer effects could at least partially be 
observed when tasks are similar in terms of both targets and 
the type of distracting information (here: spatial informa-
tion). Considering that in our study the targets were always 
centrally presented, and the different distractor modalities 
relied on similar informational input (i.e., letter identity H 
and S), it seems possible to see transfer effects with different 
distractor modalities. On the other hand, any mechanisms 
underlying global behavioral adaptation effects might be 
restricted to both the specific identities and modalities of 
distractors (i.e., auditory or visual).

Given the lack of prior research investigating global 
behavioral adaption with different distractor modalities, it 
is particularly reasonable to consider studies investigating 
a marker of local behavioral adaptation, the congruency 
sequence effect (CSE). The CSE indicates that congruency 
effects are smaller when the previous trial was incongruent 
compared with when it was congruent (e.g., Gratton et al., 
1992; Rey-Mermet et al., 2019; Weissman et al., 2014; 
Wendt et al., 2006; Yang et al., 2021). This effect can be 
explained by both higher- (i.e., cognitive control) and lower-
level (e.g., contingency learning) accounts. Regardless of the 
specific account(s) underlying the CSE, it seems particularly 
interesting that both modality and task representations can 
act as crucial boundary conditions of such local behavioral 
adaptation effects (e.g., Grant et al., 2020; Hazeltine et al., 
2011; Kreutzfeldt et al., 2016; Yang et al., 2017). In essence, 

2  It should be also emphasized that in the present study as well as in 
other studies both accounts could explain to the observed PCEs (e.g., 
Bausenhart et al., 2021; Shichel & Goldfarb, 2022). Note also that the 
term global behavioral adaptations (or adjustments) refers to behav-
ioral changes to environments with different congruency proportions 
and hence does not necessarily imply that, for instance, the underly-
ing mechanisms in producing these behavioral adjustments operate in 
a global manner.
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it seems that CSEs can only be observed with different tar-
get and/or distractor modalities when additional changes in 
the task structure help make the modality difference less 
distinct (i.e., see also Grant et al., 2020; Grant & Weiss-
man, 2022). We therefore opted to only vary the modality 
(visual or auditory) of distractors while keeping the target 
modality constant to provide a strong first test of whether the 
PCE can in principle be observed across different distractor 
modalities. Moreover, the properties of distractors were kept 
similar (i.e., letters), because it seems possible that differ-
ences in distractor properties may also contribute to build-
ing different task structures (but see Yang et al., 2017, for a 
modality-specific CSE while accounting for distinct distrac-
tor modalities).3 Finally, it should also be emphasized that 
it is not clear whether findings and implications of studies 
investigating CSEs are readily transferable to PCEs. While 
there could be certainly common mechanisms underlying 
PCE and CSE,4 there could also be at least partially distinct 
mechanisms (e.g., Funes et al., 2010; Wühr et al., 2015). We 
will return to this issue in our General Discussion where we 
also refer to the exploratory findings of additional analyses 
examining CSEs, but for now we focus on the investigation 
of the PCE as a function of different distractor modalities.

Overview of the present experiments

In Experiment 1, we investigated whether the PCE can be 
generally observed in a bimodal auditory-visual Flanker 
paradigm with a central visual target and auditory or visual 
flankers. Specifically, we manipulated the proportion of con-
gruent and incongruent trials across the two flanker modali-
ties (i.e., in half of the blocks 80% congruent and in the other 
20% congruent). In Experiments 2A and 2B, the PC manipu-
lation was selectively applied to either the visual (Experi-
ment 2A) or auditory (Experiment 2B) flanker modality and 

hence one modality served as the inducer-modality (i.e., in 
half of the blocks 83% and in the other 17% congruent trials) 
and the other as the diagnostic-modality (i.e., 50% congruent 
in each block).5 Thus, we used a similar approach as others 
investigating the transfer of a PC manipulation across dif-
ferent visual tasks (e.g., Bausenhart et al., 2021; Shichel 
& Goldfarb, 2022; Wühr et al., 2015). The key question is 
whether a PCE in the distractor inducer-modality would be 
also observed in the distractor diagnostic-modality for which 
the proportion of congruent/incongruent trials was equal. If 
global behavioral adaptations transfer across different dis-
tractor modalities, the congruency effect should be reduced 
in blocks with a high proportion of incongruent compared 
with congruent trials not only for distractor inducer but also 
for distractor diagnostic-modality trials. Alternatively, this 
effect should be only seen for trials in the inducer-but not the 
diagnostic-modality when there is no transfer.

In addition to the main analyses at the level of mean reac-
tion time (RT) and mean error rate (ER), we also conducted 
distributional analyses to understand better the influence of 
different distractor modalities on conflict processing. Spe-
cifically, we constructed RT delta plots for each condition 
(i.e., inducer/diagnostic distractor modality X high/low PC) 
to illustrate the congruency effects across the RT distribu-
tion (e.g., Heuer et al., 2023). Some previous studies using a 
PC manipulation in a visual Simon task have shown that the 
delta plots of low PC blocks are generally below the delta 
plots of high PC blocks across the entire RT distribution sug-
gesting that global behavioral adjustments can be observed 
for both fast and slow responses, for instance, by adjusting 
the strength of distractor to target processing throughout a 
trial (e.g., Hübner & Töbel, 2019; Ridderinkhof et al., 2004; 
Ridderinkhof, 2002). Critically, these studies also showed a 
larger negative slope for low compared with high PC delta 
plots. This could suggest that the underlying mechanisms 
induced by the PC manipulation also influences the timing of 
target to distractor processing. Thus, the delta plot analyses 
of the present study could reveal additional insights into the 
underlying mechanisms when adapting behavior to a global 
proportion congruency manipulation in the Eriksen flanker 
task with visual and auditory distractors.

Finally, we also examined local behavioral adapta-
tions, specifically the CSE (e.g., Gratton et al., 1992). 
These exploratory analyses are reported in Appendix 
Fig. 8, 9 and 10 and are further discussed in our General 
Discussion.

Experiment 1

In the first experiment, we investigated whether a pro-
portion congruency (PC) manipulation applied to both 
distractor modalities (i.e., visual and auditory) would 

3  As described in the Method sections of the present web-based 
experiments, participants were required to respond to the distractor 
modality in 5% of the trials. This procedural aspect was implemented 
to ensure that participants kept their sound system on. Moreover, we 
also reasoned that this would generally produce larger congruency 
effects, which should help to detect potential significant modulations. 
However, one might also argue that this leads to the formation of 
modality-based task-sets and therefore limits the potential transfer of 
the PCE across modalities if the task-set account of the CSE (Grant 
et al., 2020) also applies to the PCE.
4  For example, consider that the PCE may reflect processes associ-
ated to the CSE because in blocks with a high (low) proportion of 
congruent trials, trials are more likely preceded by congruent (incon-
gruent) trials
5  Note that, in these experiments, the overall proportion of congruent 
trials for high versus low PC blocks was 75% versus 25% due to our 
use of fewer diagnostic trials and catch trials (see Table 2).
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modulate the congruency effect in the Eriksen flanker 
task with visual targets. Thus, this also allowed us to see 
whether auditory-based congruency effects are smaller 
than visual-based congruency effects and whether the 
effect of the proportion manipulation differs across dis-
tractor types.

Method

Participants  Overall, 50 participants were tested, but 
data of five participants were excluded due to low per-
formance (see data preparation procedure). The remain-
ing 45 participants (34 female, 37 right-handed) age 
ranged from 18 to 45 years (Mage = 21.91 years). Partici-
pants were recruited via advertisements on the campus 
of the University of Tübingen, social media and internal 
departmental e-mail lists and received course credits. In 
this and in the following experiments, all participants 
provided informed consent before testing. Furthermore, 
all experiments were in accordance with the ethical 
standards set by the local ethics committee and with the 
1964 Helsinki Declaration and its later amendments or 
comparable ethical standards.

Sample size justification  The sample size of 50 participants 
in Experiment 1 was somewhat arbitrarily yet conservatively 
set.6 While the size of the observed PCE in Experiment 1 
was very large (ηp

2 = .84 across distractor modalities), we 
reasoned that possible transfer effects for the distractor 
modality without a PC manipulation would be smaller. Thus, 
as can be seen in our preregistration, we opted to continue 
with a large sample size of N = 60 in both Experiment 2A 
and 2B. With this sample size, we would have over 80% 
power to detect a significant PCE of at least ηp

2 = .12 at a 
significance level of α = .05.

Apparatus and stimuli  The experiment was conducted 
online using the JavaScript library jsPsych (De Leeuw, 
2015). All visual stimuli were presented on a grey back-
ground, and auditory stimuli were presented via headphones 
or speakers. A centrally positioned plus sign served as the 
fixation point. Target and distractor (flanker) stimuli were the 
letters H and S. For each participant, the two stimulus let-
ters were randomly assigned to left- and right-hand response 
keys. Target stimuli were always visually presented in the 
center of the screen. Visual flankers were the letters H or S 
presented on each side of the target stimulus (e.g., HSH) and 
auditory flankers were the spoken letters H or S (duration 

of 500 ms) presented by a male voice in German (similar 
to Ulrich et al., 2021, auditory stimuli were obtained from 
https://​frees​ound.​org/​people/​reins​amba/​sounds/​69247/). In 
catch trials, the letter X was presented instead of the target 
letter and participants had to respond to the (visual or audi-
tory) flankers. These catch trials were implemented to ensure 
the proper functioning of the sound system7. Responses were 
made by pressing the Q- or P-key with the left or right index-
fingers, respectively.

Procedure  In total, there were 12 experimental blocks with 84 
trials in each block equally distributed to the visual and audi-
tory distractor modality, with four of them being catch trials 
(Table 1). For half of the participants, the first six blocks had 
a high PC and the other half a low PC, whereas this order was 
revered for half of the participants. In the high PC blocks 76.19% 
of all trials were congruent, whereas in the low PC blocks only 
23.81% of the trials were congruent. Excluding the catch trials, 
the ratio was 80% versus 20% congruent trials in a block.

Table 1   Overview of the number of trials for each distractor Modality 
and Congruency in high and low PC Blocks in Experiment 1

Overview of the number of trials (N) as a function of distractor 
modality (auditory or visual) and congruency separately for high- and 
low-proportion congruency (PC) blocks. The last two rows show the 
percentage of congruent trials calculated with (overall PC) and with-
out catch trials (Non-Catch trial PC)

Modality Congruency N high PC Block N low PC Block

Auditory Congruent 32 8
Auditory Incongruent 8 32
Visual Congruent 32 8
Visual Incongruent 8 32
Auditory Catch 2 2
Visual Catch 2 2
Total 84 84
Overall PC 76.19% 23.81%
Non-Catch trial PC 80% 20%

6  For example, detecting a PCE with visual distractors of similar 
effect size (ηp

2 = .95) as Jost et al. (2022) with a power of 95% would 
have suggested that four participants are already sufficient.

7  Of course, online experiments, including the ones of the present 
study, do not allow for the same level of control over stimulus pres-
entation timing of stimuli, and apparatus (e.g., which monitor or 
headphones/speakers were used) as laboratory-based experiments. 
However, we do not see any reason that this affects or limits the con-
clusions drawn from our study. Consider also that research has shown 
that internet-based mental chronometry studies produce performance 
measures comparable to those collected in the laboratory (e.g., Miller 
et  al., 2018). Moreover, any potential (presumably primarily unsys-
tematic) additional noise in an online setting should have affected all 
conditions equally, given that they were tested within subject. Finally, 
the substantial mean congruency effects observed in both modalities 
suggest that both types of distractors significantly affected behav-
ior and the additional distribution analyses even revealed that these 
effects were present throughout the RT distribution (e.g., for fast and 
slow responses, see also the General Discussion).

https://freesound.org/people/reinsamba/sounds/69247/
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Figure 1 displays a possible trial sequence. Each trial 
started with the presentation of a fixation cross in the center 
of the screen for 300 ms, after which the auditory or visual 
distractors were added. Because the congruency effect with 
auditory distractors was most pronounced with 250 ms delay 
of visual targets (cf. Ulrich et al., 2021), we opted for this 
delay. After 250 ms, the visual target stimulus was presented 
at the center of the screen. Note that auditory distractors 
(i.e., one spoken letter H) were present for another 250 ms, 
whereas visual distractors remained on the screen (e.g., 
HHH) until participants responded up to a response deadline 
of 1,750 ms. Thus, we chose to use the standard versions of 
the flanker task with auditory and visual distractors, result-
ing in different distractor presentation times. We reasoned 
that presenting several auditory flankers until participants 
responded might lead to the emergence of additional strate-
gies (e.g., participants waiting with responding until a sec-
ond or third letter is spoken). Furthermore, we reasoned that 
the longer, response-dependent presentation times of visual 
flankers should not have an impact, as previous research has 
shown that distractor processing remains unaffected by pres-
entation times in the visual Simon task (Ellinghaus et al., 
2018) and visual flanker task (Ellinghaus et al., 2023).

After correct responses, the next trial started after an 
intertrial interval (ITI) of 1 s. After incorrect responses, an 
additional feedback screen was presented for 2 s before the 
ITI indicating in German whether a wrong response was 
made (“wrong!”) or no response was made with the response 
deadline (“too slow”).

Participants were instructed to respond to the target stim-
uli when an H or S was presented and to ignore the flanker. 
However, they were instructed to respond to the (auditory or 
visual) flankers when a X instead of a target letter appeared. 
After each block participants could take a self-paced break.

Data preparation  The first block in each PC condition 
was considered practice and excluded from any analyses 

(Blocks 1 and 7). Following this, data of participants with 
overall accuracy of less than 80% (three participants) were 
excluded. We additionally excluded two participants with 
an overall error rate of more than 45%8 in catch trials. For 
all reported RT and ER analyses, we additionally excluded 
catch trials, trials following catch trials, the first trial of each 
block, trials with too fast responses (<100 ms) (0.53%), and 
trials without any response (0.14%). For RT analyses, only 
correct trials were used. The majority of participants across 
all experiments had a minimum of 12 trials per condition for 
RT analyses, considering only correct trials, which ensured 
reasonable RT estimates. When excluding the two partici-
pants with five and eight trials in a specific condition, the 
results remained virtually similar.

Design  Following Bausenhart et  al. (2021), individual 
RT- and ER-based congruency effects (i.e., RTincongruent 
− RTcongruent; ERincongruent − ERcongruent) were calculated 
separately for each participant within each condition (cf. 
Bausenhart et al., 2021; see Appendix Table 3, 4, 5, 6, 7 
and 8 for the results of mean RT and mean PE).9 Following 
this, two-factorial repeated-measures analyses of variance 
(ANOVAs), with PC (high versus low) and current flanker 
modality (auditory versus visual) as independent variables 
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Fig. 1   Schematic depiction of possible trial sequences

8  Results in all experiments were very similar when using more con-
servative criteria (e.g., 40% or 30%).
9  We decided to present the data using mean congruency RT and ER 
effects as the dependent variable to make it more accessible for read-
ers. However, it is worth noting that similar conclusions can also be 
drawn based on mean RT and ER. Furthermore, the delta plots pro-
vide evidence that the observed results are not dependent on general 
speed differences in conditions with auditory or visual distractors (see 
also section “Delta plots and their implications” in the General Dis-
cussion).
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and congruency effects in either RT or ER as dependent 
variables, were computed (with follow-up t tests for pairwise 
comparisons).

For the delta plot analyses, we used the R package DMC-
fun (Mackenzie & Dudschig, 2021). Specifically, we binned 
the rank-ordered RTs into five RT percentiles separately for 
each participant within each of the four conditions (i.e., low/
high PC and auditory/visual flankers). Similar results were 
obtained in delta plot analyses using alternative numbers of 
percentiles (e.g., 3 or 8). We then summarized the delta plot 
for each participant and condition with a linear regression 
fit (e.g., Ellinghaus et al., 2018; Gade et al., 2020; Mittel-
städt & Miller, 2018; Mittelstädt et al., 2022a, b, c; Pratte 
et al., 2010) and compared the slopes with a two-factorial 
repeated-measures ANOVA.

Results and discussion

Mean RT and PE  Figure 2a illustrates mean congruency RT 
effects as a function of PC and current distractor modality 
condition. The ANOVA revealed a significant main effect 
of PC reflecting larger congruency effects in high compared 
with low PC blocks (106 ms versus 26 ms), F(1, 44) = 
238.09, p < .001, ηp

2 = 0.84. Furthermore, there was a main 
effect of distractor modality indicating more pronounced 
congruency effects with visual compared with auditory dis-
tractors (78 ms versus 53 ms), F(1, 44) = 11.87, p < .001, 
ηp

2 = 0.21. Finally, there was an interaction between distrac-
tor modality and PC, F(1, 44) = 46.57, p < .001, ηp

2 = 0.51. 
As is visible in Fig. 2a, the PCE was present for both distrac-
tor modalities (both ps < .001), but larger with visual (136 
− 20 = 116 ms) than auditory distractors (75 − 32 = 43 ms).

Figure 2b shows the corresponding ER-based congruency 
effects. There was again a main effect of PC, reflecting larger 
congruency ER effects in high compared with low PC blocks 
(13.6% versus −0.3%), F(1, 44) = 50.19, p < .001, ηp

2 = 
0.53. There also was a main effect of distractor modality, 
F(1, 44) = 17.00, p < .001, ηp

2 = 0.28. Congruency effects 
were larger with visual (9.6%) than auditory (3.6%) distrac-
tors. Finally, the interaction was also significant, F(1, 44) = 
46.85, p < .001, ηp

2 = 0.52. Mirroring the RT results, there 
were significant PCEs for both distractor modalities (both ps 
< .001), but this effect was larger for visual (19.9 − (−0.7) 
= 20.6%) compared with auditory distractor trials (7.2 − 0.0 
= 7.2%).

Delta plots  Figure 3 illustrates the delta plots as a function 
of low and high PC blocks and current distractor modal-
ity. The ANOVA on mean slopes only revealed a significant 
interaction between PC and distractor modality, F(1, 44) = 
10.06, p = .003, ηp

2 = 0.19. Pairwise comparison revealed 
no significant difference between low and high PC slopes 
for auditory distractors (0.16 versus 0.11, p = .288; Fig. 3a), 
but significantly different slopes for low and high PC blocks 
for visual distractors (−0.04 versus 0.17, p = .001; Fig. 3b).

In sum, using a hybrid Eriksen flanker paradigm with 
visual and auditory distractors, the congruency effects were 
smaller in low compared with high PC blocks for both dis-
tractor modality types. This modulation was larger for visual 
than auditory distractors—presumably due to the overall 
larger congruency effects within this modality. The delta 
plots suggest that the effects of the PC modulation were 
present throughout the entire RT distribution (and hence 
for faster and slower responses). Interestingly, the slope 
of delta plots similarly increased across the PC conditions 
for auditory distractors but was less increasing (and even 
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Fig. 2   Current Distractor Modality and PC dependent Congruency 
Effects. Mean congruency effects in reaction times (a) and mean 
percentage error (b) of Experiment 1 as a function of current distrac-

tor modality (auditory, visual) and proportion congruency (PC; low, 
high). Error bars indicate 1 standard error (SE) of the corresponding 
means
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decreasing for the low PC condition) for visual distractors. 
These distinct delta plots slopes demonstrate distractor 
modality-specific global behavioral adaptations. One might 
speculate that the slopes reflect the time-course of distrac-
tor activation (e.g., Ellinghaus et al., 2018; Ellinghaus & 
Miller, 2018; Mackenzie et al., 2022; Ridderinkhof, 2002). 
Accordingly, these results may suggest that the PC modula-
tion with visual distractors induce biases in both the strength 
and timing of target-to-distractor processing, whereas with 
auditory distractors only the strength is adjusted (cf. Mit-
telstädt et al., 2022c).

Experiment 2A and 2B
Experiment 1 indicated that a blockwise PC manipulation 
applied to trials with auditory and visual flankers can elicit 
global behavioral adaptation effects across both distractor 
modalities. In the following two experiments, we investi-
gate whether these behavioral effects occur in purely dis-
tractor modality-specific ways or not. For this purpose, the 
PC manipulation was selectively implemented to either the 
visual (Experiment 2A) or auditory (Experiment 2B) flanker 
modality. Thus, one distractor modality served as inducer-
modality and the other as diagnostic-modality, as the PC was 
not manipulated in the latter.

Method

Participants  In both Experiment 2A and Experiment 2B, 
participants were tested online and were recruited via 

Prolific or from the same pool as in Experiment 1. Overall, 
60 participants (28 female, 55 right-handed, Mage = 28.78 
ranging from 19 to 70) were tested in Experiment 2A and 
60 participants (24 female, 53 right-handed, Mage = 27.72 
ranging from 18 to 59) were tested in Experiment 2B. Pre-
registrations are available via the Open Science Frame-
work (OSF) at https://​osf.​io/​8d3vn and https://​osf.​io/​vkzgr, 
respectively.

Stimulus, apparatus, and procedure  The method was the 
same as in Experiment 1 except otherwise described. In 
contrast to Experiment 1, the PC manipulation was only 
applied to either the visual or auditory distractor modal-
ity while keeping the proportion of congruent trials simi-
lar in the other distractor modality. In Experiment 2A, the 
visual distractor modality was the inducer modality, and the 
auditory distractor modality was the diagnostic modality, 
whereas this was reversed for Experiment 2B. As can be 
seen from Table 2, the PC only differed for the inducer but 
not diagnostic trials. In order to maximize the number of 
diagnostic trials for the exploratory CSE analyses (reported 
in Appendix Figs. 8, 9 and 10), catch trials were never pre-
sented before diagnostic trials to ensure reliable RT and ER 
estimates. As mentioned in the data preparation section, tri-
als following catch trials were excluded when analyzing both 
the PCE and CSE. Therefore, although catch trials could 
predict the distractor modality in the subsequent trials, this 
association should not have any impact as these trials were 
excluded from all analyses reported in the main text and in 
the Appendices. Note also that the results were similar even 
when including these excluded trials.
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Fig. 3   Distractor Modality specific PC dependent Delta plots. Delta 
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within each of five RT bins plotted against the bin average (Time in 
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Data preparation  Data preparation was the same as in 
Experiment 1. Following our preregistration, in Experiment 
2A, the data of eight participants had to be excluded due to 
overall error rates of more than 20% and/or error rates in 
catch trials of more than 45%. In Experiment 2B, the data 
of two participants had to be excluded (due to >45% catch 
trial error rate). From the data of the remaining participants, 
we again excluded trials with no responses (Experiment 
2A: 0.18%, Experiment 2B: 0.37%) and too-fast responses 
(Experiment 2A: 0.10%, Experiment 2B: 0.12%).

Design  Two factorial repeated measure ANOVAs with RT- 
and ER-based congruency effects as the dependent variables 

and PC (low, high) and distractor modality (auditory, visual) 
as independent variables were computed. Delta plots were 
computed and analyzed in an analogous manner as in Exper-
iment 1. Note that in Experiment 2A, the visual (auditory) 
distractor modality was the inducer (diagnostic) distractor 
modality, whereas in Experiment 2B, the auditory (visual) 
distractor modality was the inducer (diagnostic) distractor 
modality.

Results and discussion Experiment 2A

Similar to Experiment 1, congruency effects are based on 
the RT and PE. In Experiment 2A, the inducer distractor 
modality was visual, so the proportion of congruency was 
only manipulated in visual trials.

Mean RT and PE  Figure 4 illustrates the mean RT- and ER-
based congruency effects as a function of PC and distractor 
modality. There was a significant main effect of PC reflect-
ing larger congruency effects in blocks with high compared 
with a low PC (100 ms versus 31 ms), F(1, 51) = 166.13, p 
< .001, ηp

2 = 0.77. Furthermore, there was a main effect of 
distractor modality indicating more pronounced congruency 
effects with visual (inducer) compared with auditory (diag-
nostic) distractors (78 ms versus 53 ms), F(1, 51) = 18.26, p 
< .001, ηp

2 = 0.26. Finally, there was an interaction between 
distractor modality and PC, F(1, 51) = 290.28, p < .001, ηp

2 
= 0.85. As is visible in Fig. 4a, the PCE was only present 
in the visual inducer distractor modality (148 ms versus 8 
ms; p < .001), but not in the auditory, diagnostic distractor 
modality (51 ms versus 54 ms; p = .596).

Figure 4b shows the corresponding ER-based congru-
ency effects. Again, there was a main effect of PC, reflect-
ing larger ER-based congruency effects in high compared 
with low PC blocks (12.1% versus 0.2%), F(1, 51) = 65.77, 

Table 2   Overview of the number of trials for each distractor Modality 
and Congruency in high and low PC Blocks in Experiments 2A and B

Overview of the number of trials (N) as a function of distractor 
modality (inducer or diagnostic) and congruency separately for high 
and low proportion congruency (PC) blocks. The last three rows 
show the percentage of congruent trials calculated with in either 
inducer or diagnostic conditions and overall PC (with inducer and 
diagnostic trials) without catch trials

Modality Congruency N high PC 
Block

N low PC Block

Diagnostic Congruent 12 12
Diagnostic Incongruent 12 12
Inducer Congruent 60 12
Inducer Incongruent 12 60
Auditory Catch 2 2
Visual Catch 2 2
Total 100 100
PC inducer 83% 17%
PC diagnostic 50% 50%
Overall Non-Catch trial PC 75% 25%
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Fig. 4   Current Distractor Modality and PC dependent Congruency 
Effects for visual Inducer. Mean congruency effects in reaction times 
(a) and mean percentage error (b) of Experiment 2A as a function of 

current distractor modality (auditory, visual) and proportion congru-
ency (PC; low, high). Error bars indicate 1 standard error (SE) of the 
corresponding means
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p < .001, ηp
2 = 0.56. Similar to the RT-based congruency 

effects, there was a main effect of distractor modality, F(1, 
51) = 24.78, p < .001, ηp

2 = 0.33. with larger congruency 
effects in inducer (visual) than diagnostic (auditory) trials 
(9.4% versus 2.9%). Finally, the interaction between distrac-
tor modality and PC was also significant, F(1, 51) = 62.42, 
p < .001, ηp

2 = 0.55. There were significant PCEs in tri-
als with visual inducer distractors (21.1% versus −2.2%; p 
< .001), but not with auditory diagnostic distractors (3.1% 
versus 2.7%; p = .485).

Delta plots  Figure 5 illustrates the delta plots as a function 
of low and high PC blocks and current distractor modality. 
The ANOVA on mean slopes revealed a significant main 
effect of PC, F(1, 51) = 17.10, p < .001, ηp

2 = 0.23, reflect-
ing a more negative-going slope in low PC (−0.03) com-
pared with high PC blocks (0.13). Additionally, there was 
a main effect of distractor modality, F(1, 51) = 43.22, p < 
.001, ηp

2 = 0.46, indicating more negative-going delta plots 
in visual-inducer trials compared with auditory-diagnostic 
trials (−0.03 versus 0.14). The interaction between PC and 
distractor modality, was also significant F(1, 51) = 10.09, 
p = .003, ηp

2 = 0.17. Pairwise comparison revealed no sig-
nificant difference between low and high PC slopes for audi-
tory distractors (0.17 versus 0.13; p = .227), but similar to 
Experiment 1, significantly more negative-going slopes for 
low than high PC blocks for visual distractors (−0.17 versus 
0.01; p < .001).

Results and discussion Experiment 2B

Similar to Experiment 1 and 2A, congruency effects are 
based on the RT and PE. In Experiment 2B the inducer dis-
tractor modality was auditory, so the proportion of congru-
ency was only manipulated in auditory distractor trials and 
not in visual ones.

Mean RT and PE  Figure 6 shows the corresponding mean 
RT- and ER-based congruency effect pattern as a function 
of PC and current distractor modality condition. Similar 
to Experiment 2A, there was a significant main effect of 
PC reflecting larger congruency effects in blocks with high 
compared with low PCs (77 ms versus 42 ms), F(1, 57) = 
46.47, p < .001, ηp

2 = 0.45. The significant main effect of 
distractor modality indicated larger congruency effects with 
visual-diagnostic compared with auditory-inducer distrac-
tors (70 ms versus 50 ms), F(1, 57) = 10.56, p = .002, ηp

2 
= 0.16. Lastly, there once again was an interaction between 
distractor modality and PC, F(1, 57) = 58.85, p < .001, ηp

2 
= 0.51. As is visible in Fig. 6a, the RT-based PCE was only 
present in the auditory distractor (inducer) (84 ms versus 16 
ms; p < .001), but not in the visual (diagnostic) one (both 
70 ms; p = .978).

Figure 6b depicts the corresponding ER-based congruency 
effects. There was a significant main effect of PC, with 
larger error-congruency effects in high compared with low 
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Fig. 5   Distractor Modality specific and PC dependent Delta plots 
for visual Inducer (Experiment 2A). Delta plots showing incongru-
ent minus congruent RT differences within each of 5 RT bins plotted 
against the bin average (Time in ms) as a function of proportion of 

congruency (PC): low = black and high = grey, separately for visual 
(a) and auditory (b) distractor modalities. Inducer modality was vis-
ual
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PC blocks (7.0% versus 2.4%), F(1, 57) = 51.21, p < .001, 
ηp

2 = 0.47. The main effect of distractor modality was only 
marginal significant, F(1, 57) = 3.20, p = .079, ηp

2 = 0.05. As 
in the previous experiment, there was a significant interaction 
between distractor modality and PC F(1, 57) = 19.32, p < .001, 
ηp

2 = 0.25. The PCE was only significant in trials with auditory-
diagnostic distractors (8.0% versus −0.3%; p < .001), but not 
with visual-inducer distractors (6.0% versus 5.0%; p = .347). 
Thus, as in Experiment 2A, it seems that global processing 
adjustments act in a distractor modality-specific way.

Delta plots  Figure 7 illustrates the delta plots. The ANOVA 
on mean slopes revealed no significant main effects or 

interactions F(1, 57) < 2.64, ps > .110, ηp
2s < 0.04. To make 

the results more comparable to Experiment 2A, pairwise com-
parisons were conducted for each distractor modality. There 
was neither a significant difference between low and high PC 
slopes for auditory distractors (0.098 versus 0.163; p = .228), 
nor for visual distractors (0.107 versus 0.063; p = .339).

General discussion

In the present study, we contrasted modality-specificity 
versus -generality of global behavioral adaptations to 
interference arising from different distractor modalities. 
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Fig. 6   Current Distractor Modality and PC dependent Congruency 
Effects for auditory Inducer. Mean congruency effects in reaction 
times (a) and mean percentage error (b) of Experiment 2B as a func-

tion of current distractor modality (auditory, visual) and proportion 
congruency (PC; low, high). Error bars indicate 1 standard error (SE) 
of the corresponding means
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Fig. 7   Distractor Modality specific and PC dependent Delta plots for 
auditory Inducer (Experiment 2B). Delta plots showing incongru-
ent minus congruent RT differences within each of 5 RT bins plotted 
against the bin average (Time in ms) as a function of proportion of 

congruency (PC): low = black and high = grey, separately for visual 
(a) and auditory (b) distractor modalities. Inducer modality was audi-
tory
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Specifically, a series of experiments were conducted using 
an Eriksen flanker task in which the target was always visual 
but the distractor was either auditory (Ulrich et al., 2021) 
or visual (Eriksen & Eriksen, 1974). In Experiment 1, a 
PC manipulation was applied for both distractor modalities, 
whereas in Experiments 2A and 2B, this manipulation was 
only applied to one inducer distractor modality to test poten-
tial transfer of behavioral adaptations to the other diagnos-
tic distractor modality. Across all experiments, there was 
evidence for global behavioral adaptations as reflected in 
substantial PCEs for distractor modalities with a PC manipu-
lation (Experiment 1: visual and auditory, Experiment 2A: 
visual; Experiment 2B: auditory). Critically, there was no 
evidence of transfer to the diagnostic distractor modalities 
in Experiments 2A and 2B: The behavioral adaptation due 
to a proportion congruency manipulation were specific to 
the type of distractor modality.10

To begin with, the present study extends previous find-
ings of global behavioral adaptation effects (as reflected 
in PCEs) on interference within the visual modality (for a 
review, see Bugg & Crump, 2012; e.g., Shichel & Goldfarb, 
2022; Thomson et al., 2014) to interference across the visual 
and auditory modalities. Thus, this demonstrates that the 
recently observed crossmodal flanker effect by Ulrich et al. 
(2021) can be qualitatively modulated by similar manipula-
tions as visual flanker effects. Not surprisingly, the congru-
ency effects were generally larger with visual than auditory 
distractors. Thus, similar to others (e.g., Frings & Spence, 
2010), this indicates that visual target processing is more 
prone to interference within the visual modality than it is 
to crossmodal processing. Furthermore, one might specu-
late that vision might generally dominate audition which 
would lead to larger interference from visual than auditory 
distractors (cf., ventriloquist effect and visual dominance, 
e.g., Bendixen et al., 2010; Bresciani et al., 2008; see also 
Kreutzfeldt et al., 2015; Lukas et al., 2010, for further evi-
dence of attention-based visual dominance).

Critically, while our results showed strong evidence for 
global behavioral adaptations with both distractor modali-
ties, there was no evidence for the transfer of PCEs from one 
to the other distractor modality in Experiments 2A and 2B. 

As mentioned in the introduction, it is unclear whether in 
the present study the observed behavioral adaptations reflect 
higher level cognitive control and/or lower-level memory-
based processes such as contingency learning.11 The novel 
empirical demonstration that PCEs emerge in a distrac-
tor modality-specific manner does not help to distinguish 
between cognitive control and memory accounts. However, 
in addition to its empirical contributions (see also the delta 
plot section below), the study’s findings also have some 
theoretical implications for these accounts.

Implications for cognitive control and memory 
accounts

First, it seems difficult to explain our findings by exclusively 
relying on higher-level cognitive control accounts which—at 
least implicitly—assume that the PCE is due to modality-
independent target amplification and/or distractor process-
ing (e.g., Botvinick et al., 2001; Logan & Zbrodoff, 1979; 
Ulrich et al., 2015; Wühr et al., 2015). These accounts would 
require some elaboration to account for the distractor modal-
ity-specific effects. Considering the targets were always vis-
ually presented and only distractor modalities varied, target 
amplification would have been already sufficient to observe 
transfer across the different distractor modality trials. Thus, 
assuming that the PCE in the present set-up arises (at least 
partially) due to cognitive control, it seems more likely that 
distractor-suppression involves modality-specific control 
mechanisms. A related, nonmutually exclusive possibility 
is that auditory distractors may elicit somewhat different 
conflict compared with visual distractors when responding 
to visual targets and require modality-specific global control 
mechanisms.

Second, our findings could also be interpreted with the 
framework of memory accounts. These accounts essentially 
propose that processing is regulated based on memory traces 
that operate on statistical regularities (e.g., contingency learn-
ing) without necessarily involving top-down cognitive control 
(e.g., Hommel, 2004; Mayr et al., 2003; Schmidt, 2013a, b; 
Schmidt & Besner, 2008). However, even if we assume that the 
global behavioral adaptation effects in the present study arise 
due to memory-based processes such as contingency learning, 
the results provide novel implications. For example, based on 
contingency learning accounts, it would have been possible 10  As mentioned earlier, this is simply a description of the results 

without implying any specific mechanisms. The behavioral adaptation 
effect refers to a change in behavior that is visible in error rates and 
reaction time and is based on the proportion of congruent trials (or to 
the sequence of congruency, see below).
11  To explore whether higher-level cognitive control was involved in 
the observed adaptations, we examined the potential presence of an 
asymmetrical list shifting effect (as described in Abrahamse et  al., 
2013). According to cognitive control accounts, shifting from high-
PC to low-PC blocks should result in a greater decrease in congru-
ency effects than shifting from low-PC to high-PC blocks and the 
presence of such asymmetrical shifts cannot be solely explained by 

contingency learning. Consistent with cognitive control accounts, 
the PCE for auditory (inducer) distractor trials was significantly 
modulated in this manner in Exps. 1 and 2b. Interestingly, we did not 
observe this interaction for visual distractor trials in Experiment 1 
and 2a, suggesting that the involvement of cognitive control and con-
tingency learning may differ to some extent depending on the distrac-
tor modality.

Footnote 11 (continued)
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to observe transfer if participants would have learned that the 
specific (amodal) letter identities of distractor are differentially 
paired with the target letter in high versus low PC blocks. How-
ever, it seems that these accounts can only explain the present 
findings by assuming the learning of modality-specific dis-
tractor–target associations. Similarly, the results also help to 
constrain theorizing within other memory accounts than con-
tingency learning. For example, the temporal learning account 
proposed by Schmidt et al. (2013b) suggests that the cognitive 
system learns how and when to respond throughout the experi-
ment. When the list-wide PC is low, the expected response time 
is more similar to the mean RT in incongruent trials than when 
the list-wide PC is high. Consequently, the transfer to diagnos-
tic items in previous PC studies may reflect temporal learning 
(e.g., Schmidt, 2013a; but see Cohen-Shikora et al., 2019, for 
evidence against this notion). However, as we did not observe 
any transfer effects to diagnostic items in a different distractor 
modality in our study, these results might only be reconciled 
with the temporal learning account if we posit the existence of 
modality-specific, time-based memory traces.

Of course, it is also possible to interpret the present results 
using integrative accounts that propose memory-based rep-
resentations, such as event files, incorporating stimulus- and 
response-specific codes, as well as more abstract control 
codes (e.g., Frings et al., 2020; Jiang et al., 2015; Schumacher 
& Hazeltine, 2016; Verguts & Notebaert, 2009). Within these 
theoretical frameworks, the findings of the present study 
suggest an association between specific distractor modali-
ties and modality-specific control codes that are generated 
based on conflict proportion. In sum, the present results have 
implications for advancing theorizing within memory-based, 
control-based, and combined accounts of conflict processing. 
Understanding how to conceptualize the impact of different 
distractor modalities within these accounts is particularly 
valuable because, as stated in the introduction, to the best of 
our knowledge, no prior studies have examined the impact 
of a PC manipulation using different distractor modalities.

As a first step, we therefore intentionally selected the 
present paradigm and chose not to control for memory pro-
cesses such as the learning of distractor-response contingen-
cies (see, e.g., Bausenhart et al., 2021; Shichel & Goldfarb, 
2022, for similar paradigms with a proportion congruency 
manipulation using only visual distractors). Our reason-
ing was that this approach would increase the likelihood 
of detecting any potential transfer effects. Naturally, it is 
yet to be determined whether the findings of our study 
generalize to other paradigms that utilize a proportion con-
gruency manipulation (e.g., Braem et al., 2019; Sprengel 
et al., 2022). For example, it seems possible that with larger 
stimulus sets, the involvement of higher-order, potentially 
amodal, cognitive control processes increases as the oppor-
tunity for contingency learning decreases (cf. Bugg, 2014), 
which may enable observing transfer effects across different 

distractor modalities. Furthermore, it remains to be deter-
mined whether the findings will extend to situations where 
a PC manipulation is applied to visual or auditory distrac-
tors while participants respond to auditory target stimuli. 
The current findings strongly indicate that the observed 
behavioral adaptations with visual targets were specific to 
the modality of the distractors. Consequently, it is reason-
able to anticipate similar outcomes with auditory targets, but 
this is of course an empirical question that requires further 
investigation.

Delta plots and their implications

When theorizing about the underlying mechanisms of congru-
ency effects, it also seems useful to go beyond mean RTs and 
examine delta plots. First, the present delta plots indicate that 
PCEs were substantial throughout the RT distribution, suggest-
ing that the mechanisms producing global behavioral adap-
tation effects on a mean level are present independent from 
response speed. Furthermore, the overlapping delta plots in 
diagnostic trials illustrate that there was no evidence for trans-
fer across distractor modalities even when examining the entire 
distribution.12 Therefore, the delta plot pattern reinforces the 
modality-specific behavioral adaptation to the PC manipula-
tion observed at the mean RT level. This is significant because 
relying solely on mean RTs can make it challenging to discern 
whether similar or different conflict effects across conditions 
can be confounded by time-dependent distractor processing 
(e.g., Mittelstädt & Miller, 2020; Mittelstädt et al., 2022a, b, 
c). For example, in our study, processing of auditory distrac-
tors might have been quicker than visual distractors (cf. Jain 
et al., 2015), which could have resulted in potential modula-
tions for auditory distractors being primarily present for faster 
responses. Additionally, target processing was generally faster 
with visual stimuli compared with distractor processing (see 
Appendix Table 3, 4, 5, 6, 7 and 8, Experiment 1, where both 
distractor modalities appeared equally often). Consequently, 
time-varying fluctuations in distractor processing could 
potentially influence mean congruency effects simply due to 
changes in overall target processing speed (e.g., Mittelstädt 
et al., 2022a, b, c; Mittelstädt & Miller, 2020).

Second, similar to others (e.g., Hübner & Töbel, 2019; 
Luo et al., 2022), the slopes of delta plots with visual distrac-
tors (Experiments 1 and 2A) were more strongly decreasing 
in blocks with a high compared with a low proportion of 
incongruent (inducer) trials. Interestingly, however, there 
was no evidence for slope differences as a function of the 

12  It is worth noting that these visual inspections are consistent with 
the corresponding inferential statistics. Specifically, exploratory 
analyses using paired t tests indicated no significant differences in 
the congruency effects between high and low PC for diagnostic trials 
when examined separately at each percentile. However, for inducer 
trials, the differences were significant at each percentile.
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PC manipulation with auditory distractors (Experiments 1 
and 2B). Differences in delta plot slopes have been often 
used to infer differences in conflict and/or distractor process-
ing, such as the type of conflict (e.g., Wiegand & Wascher, 
2005) and/or the timing of cognitive control (e.g., distractor 
suppression, cf. Ridderinkhof et al., 2004). The distinct delta 
plot slope patterns observed in the present study thus provide 
another marker for distractor modality-specific global behav-
ioral adaptation effects and theoretical accounts of the pro-
portion congruent effect need to explain why the behavioral 
effects fluctuate differently over time with different distractor 
modalities. For example, assuming that the slope of delta 
plots reflects the time-course of distractor activation (e.g., 
Ellinghaus & Miller, 2018; Mittelstädt et al., 2022a, b, c; 
Ridderinkhof et al., 2004; Ulrich et al., 2015), it is possible 
that a PC modulation in the presence of visual distractors 
affects not only the strength but also the speed of distractor 
suppression (cf. Mittelstädt et al., 2022c). Another possi-
bility to consider, which is not mutually exclusive, is that 
the different slopes observed in delta plots can be attrib-
uted to the relative speed of target-to-distractor processing 
(Heuer et al., 2023; Mackenzie et al., 2022). For example, 
according to the staggered-onset account, negative slopes 
occur when distractor processing precedes target process-
ing, while positive slopes occur when distractor processing 
is slower or comparable in speed to target processing (Heuer 
et al., 2023). In the case of visual distractors, which share 
the same modality and are more beneficial in the high PC 
condition, this may accelerate distractor processing relative 
to target processing, resulting in more negative slopes in 
this condition.

Exploring local behavioral adaptations: Congruency 
sequence effects

While the present experiments clearly show that the specific 
distractor modalities act as a boundary condition of global 
behavioral adaptation effects (as measured via the PCE), it 
was unclear whether the distractor modality-specific account 
extends to local behavioral adaptations (as measured via the 
CSE). In additional (not preregistered) analyses, we explored 
the CSE as a function of distractor modalities in each experi-
ment (see Appendix Fig. 8, 9 and 10). In Experiment 1, 
CSEs were present for both distractor modality repetition 
(visual-visual and auditory-auditory) and distractor modal-
ity switches (visual-auditory and auditory-visual), though 
smaller in the latter. Thus, Experiment 1 provides evidence 
for distractor-modality-general local behavioral adapta-
tion effects when the PC manipulation was equally applied 
to both distractor modalities. While this might imply that 
at least partially different mechanisms underly local and 
global behavioral adaptations (e.g., Funes et al., 2010; Luo 
et al., 2022), further studies are needed to better understand 

boundary conditions of potential CSE transfer across distrac-
tor modalities.

First, there are also some recent studies showing a lack 
of CSE across trials with different target and/or distractor 
modalities (e.g., Kreutzfeldt et al., 2016; Li et al., 2021; 
Yang et al., 2017) and one may speculate that local behavio-
ral effects can only occur across different distractor modali-
ties when the target modality remains constant as in the pre-
sent study. Second, the pattern becomes more complex in the 
present study when considering the findings of Experiments 
2A (inducer: visual) and 2B (inducer: auditory), in which the 
PC manipulation was only implemented for the inducer dis-
tractor modality. While clear CSE effects could be observed 
for distractor modality-repetitions in Experiments 2A and 2B 
independent of inducer and diagnostic distractor modality, 
distractor modality switches showed some unexpected dis-
tractor modality-specific effects. Specifically, for distractor 
modality-switches in current auditory-based distractor trials 
in both Experiment 2A and 2B, there were standard CSEs 
in ERs (but only significant in Experiment 2B). However, 
there were significantly reversed CSE in RTs (i.e., larger 
CE after incongruent compared with congruent trials). For 
distractor modality-switches in visual-based distractor tri-
als, a similar dissociation in RTs and accuracy was present 
in Experiment 2B, but there was no evidence for any CSE 
modulation in Experiment 2A. While we do not have a ready 
theoretical explanations for this pattern, one may speculate 
that the distractor modality-specific global expectancies due 
to the PC manipulation may have somehow overshadowed 
more standard CSE patterns seen under a balanced setting 
as in Experiment 1. Thus, future studies may more directly 
investigate the interplay of global and local behavioral 
adaptations effects and their underlying mechanisms with 
multimodal information. For example, it remains to be seen 
whether a different pattern would emerge when controlling 
for contingency learning (e.g., Braem et al., 2019) or when 
orthogonally varying both distractor and target modalities.

Conclusion

Across three experiments, we investigated the effects of PC 
manipulations in an Eriksen flanker task with visual tar-
gets and randomly varying visual or auditory distractors. In 
all experiments, there were global behavioural adaptation 
effects (PCE) for distractor modalities with PC manipula-
tions. Critically, there was no evidence that these adaptation 
effects transfer across modalities when selectively applying 
the PC manipulation to either the visual or auditory dis-
tractor modality. Thus, these results suggest that distractor 
modality constrains global behavioral adaptations effects 
due to for example, the learning of modality-specific mem-
ory processes (e.g., distractor–target associations) and/or 
suppression of modality-specific distractor-based activation.
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Appendix 1

Mean reaction time and error rates

In this appendix, we present complementary analyses on 
mean reaction time (RT) and error rates (ER)

Table 3   Mean reaction time (RT, in ms) and percentage of error rates (ER) in congruent and incongruent trials, as well as congruency effects for 
RT (ΔRT) and ER (ΔER), for each (Distractor) Modality and Proportion of Congruency (PC) in Experiment 1.

Standard deviations are given in parentheses. Small deviations from the Δ values reported in the main text are due to rounding error

(Distractor) 
Modality

PC RT [ms] ER [%]

Congruent Incongruent ΔRT Congruent Incongruent ΔER

Visual high 374 (64.3) 510 (70.9) 136 2.52 (2.70) 22.43 (18.0) 19.91
low 439 (59.9) 459 (61.0) 20 7.05 (7.40) 6.35 (4.86) −0.70

Auditory high 434 (63.2) 509 (94.1) 75 2.27 (2.36) 9.46 (12.3) 7.19
low 453 (57.4) 484 (60.8) 32 4.44 (4.90) 4.44 (3.33) 0.00

Table 4   Results of two repeated-measures analyses of variance on reaction time (RT) and error rates (ER), with factors: (Distractor) Modality 
(M), Proportion Congruency (PC), and Congruency (C) in Experiment 1

For all effects, dfn = 1 and dfd = 44

RT ER

Effect F p ηp
2 F p ηp

2

(Distractor) Modality (M) 42.85 <.001 0.49 64.46 <.001 0.59
Proportion congruency (PC) 0.12 .730 0.00 13.65 <.001 0.24
Congruency (C) 132.07 <.001 0.75 35.37 <.001 0.45
M × PC 4.21 .046 0.09 18.39 <.001 0.29
M × C 11.97 .001 0.21 17.00 <.001 0.28
PC × C 238.09 <.001 0.84 50.19 <.001 0.53
M × PC × C 46.57 <.001 0.51 46.85 <.001 0.52

Table 5   Mean reaction time (RT, in ms) and percentage of error rates (ER) in congruent and incongruent trials, as well as congruency effects for 
RT (ΔRT) and ER (ΔER), for each (Distractor) Modality and Proportion of Congruency (PC) in Experiment 2A with visual inducer

Standard deviations are given in parentheses. Small deviations from the Δ values reported in the main text are due to rounding error

(Distractor) 
Modality

PC RT [ms] ER [%]

Congruent Incongruent ΔRT Congruent Incongruent ΔER

Visual high 372 (59.7) 520 (87.2) 148 1.43 (1.29) 22.5 (19.6) 21.1
low 468 (65.1) 475 (76.3) 8 6.71 (7.00) 4.50 (3.63) −2.21

Auditory high 472 (72.6) 524 (84.9) 52 1.22 (1.81) 4.31 (4.94) 3.09
low 496 (78.9) 550 (87.8) 54 2.12 (2.54) 4.79 (4.39) 2.67



106	 Memory & Cognition (2024) 52:91–114

1 3

Table 6   Results of two repeated-measures analyses of variance on reaction time (RT) and error rates (ER), with factors: (Distractor) Modality 
(M), Proportion Congruency (PC), and Congruency (C) in Experiment 2A with visual inducer.

For all effects, dfn = 1 and dfd = 51

RT ER

Effect F p ηp
2 F p ηp

2

(Distractor) Modality (M) 182.64 <.001 0.78 61.71 <.001 0.55
Proportion Congruency PC) 37.65 <.001 0.42 21.26 <.001 0.29
Congruency (C) 218.75 <.001 0.81 62.29 <.001 0.55
M × PC 0.09 .765 0.00 39.60 <.001 0.44
M × C 18.26 <.001 0.26 24.78 <.001 0.33
BPC × C 166.13 <.001 0.77 64.77 <.001 0.56
M × PC × C 290.28 <.001 62.42 46.85 <.001 0.55

Table 7   Mean reaction time (RT, in ms) and percentage of Error rates (ER) in congruent and incongruent trials, as well as congruency effects 
for RT (ΔRT) and ER (ΔER), for each (Distractor) Modality and Proportion of Congruency (PC) in Experiment 2B with auditory inducer

Standard deviations are given in parentheses. Small deviations from the Δ values reported in the main text are due to rounding error

(Distractor) 
Modality

PC RT [ms] ER [%]

Congruent Incongruent ΔRT Congruent Incongruent ΔER

Visual high 412 (68.7) 482 (81.0) 70 3.94 (4.00) 9.91 (6.32) 5.96
low 416 (64.5) 486 (72.6) 70 5.05 (5.12) 10.2 (8.23) 5.03

Auditory high 416 (73.8) 500 (103) 84 2.27 (2.29) 10.3 (8.40) 8.02
low 441 (72.0) 457 (64.7) 16 3.55 (4.55) 3.27 (2.71) -0.29

Table 8   Results of two repeated-measures analyses of variance on reaction time (RT) and error rates (ER), with factors: (Distractor) Modality 
(M), Proportion Congruency (PC), and Congruency (C) in Experiment 2B with auditory inducer

For all effects, dfn = 1 and dfd = 57

RT ER

Effect F p ηp
2 F p ηp

2

(Distractor) Modality (M) 1.22 .274 0.02 25.64 <.001 0.31
Proportion Congruency (PC) 0.30 .583 0.01 9.53 .003 0.14
Congruence (C) 270.27 <.001 0.83 82.70 <.001 0.59
M × PC 9.96 .003 0.15 20.50 <.001 0.26
M × C 10.65 .002 0.16 3.20 .079 0.05
BPC × C 46.47 <.001 0.45 51.21 <.001 0.47
M × PC × C 58.85 <.001 0.51 19.31 <.001 0.25
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Appendix 2

Additional analyses regarding local processing 
adjustments in Experiment 1, 2A, and 2B: 
Congruency sequence effects (CSE)

In this appendix, we provide the results of additional analy-
ses exploring the congruency sequence effect (CSE) as a 
function of distractor modality and PC manipulation. For 
this analysis, we employed the same data preparation pro-
cedure as described in the main text. Note that qualitatively 
similar results were obtained when post-error trials were 
additionally excluded. Because there was a significant three-
way interaction in all experiments between the factors cur-
rent distractor modality, previous congruency and previous 
distractor modality, we conducted separate ANOVAs for 
each current distractor modality. Figures 8, 9 and 10 dis-
play the corresponding mean congruency effects for each 
experiment.

Experiment 1

First, we investigated potential RT-based sequential congru-
ency effects (Fig. 8a). For the ANOVA with current visual 
distractors (right panel), there was a significant main effect 
of previous congruency, with larger congruency effects when 
the previous trial was congruent compared with incongruent 
(110 ms versus 42 ms), F(1, 44) = 230.03, p < .001, ηp

2 = 
0.84, which was further modulated by previous distractor 
modality, F(1, 44) = 45.25, p < .001, ηp

2 = 0.51. Again, the 
CSE was larger when preceded by the same compared with 
the different distractor modality (118 ms − 26 ms = 92 ms 
versus 101 ms − 59 ms = 42 ms), but significant for both 
previous distractor modality trial types (ps < .001).

For the ANOVA with current auditory distractors (left 
panel), there was also a significant main effect of previous 
congruency, reflecting larger congruency effects when the 
previous trial was congruent compared with incongruent (67 
ms versus 28 ms), F(1, 44) = 51.00, p < .001, ηp

2 = 0.54. 
Furthermore, the interaction between previous distractor 
modality and previous congruency was significant, F(1, 44) 
= 28.81, p < .001, ηp

2 = 0.40. The CSE was larger when 
the previous distractors were auditory (modality repetition) 
compared with visual (modality switches) (80 ms – 17 ms = 
63 ms versus 54 ms − 39 ms = 15 ms). Pairwise compari-
son revealed that the CSEs were significant for both trials 
preceded by auditory (p < .001) and visual distractors (p = 
.017), though smaller in the latter one.

Now we look at ER-based sequential congruency effects 
(Fig. 8b). For visual distractor trials (right panel), there were 
significant main effects of previous congruency (13.06% 
versus 1.33% for previous congruent and incongruent, 

respectively), F(1, 44) = 65.22, p < .001, ηp
2 = 0.60, and 

previous distractor modality (previous auditory: 7.88%; pre-
vious visual: 6.51%), F(1, 44) = 4.49, p = .040, ηp

2 = 0.09. 
The interaction was again significant, F(1, 44) = 9.31, p 
= .004, ηp

2 = 0.17. Pairwise comparison revealed that the 
CSE were significant for both trials preceded by auditory 
and visual distractors (ps < .001). For auditory distractors 
(left panel), the previous congruency had a main effect on 
ER-based congruency effects, indicating larger congruency 
effects when the previous trial was congruent compared with 
incongruent (5.17% versus 0.34%), F(1, 44) = 13.51, p = 
.001, ηp

2 = 0.23. There was also a significant main effect of 
previous distractor modality, reflecting larger congruency 
effects when the previous distractor modality was auditory 
than visual (4.35% versus 1.16%), F(1, 44) = 17.60, p < 
.001, ηp

2 = 0.29. The significant interaction indicated a 
larger CSE for distractor modality repetition (p < .001) than 
distractor modality switches (p = .343), F(1, 44) = 16.70, p 
< .001, ηp

2 = 0.28.

Experiment 2A: Visual inducer

First, we look at RT-based sequential congruency effects 
(Fig. 9a). For the ANOVA with current auditory distractor 
modality (left panel), there were significant main effects of 
previous congruency (previous congruent: 61 ms; previous 
incongruent; 37 ms), F(1, 51) = 31.01, p < .001, ηp

2 = 0.38, 
previous distractor modality (previous visual: 55 ms; previous 
auditory; 44 ms), F(1, 51) = 4.15, p = .047, ηp

2 = 0.08, as 
well as a significant interaction, F(1, 51) = 59.26, p < .001, 
ηp

2 = 0.54. The CSE was only present when the previous 
distractor modality was the same as the current one auditory 
(diagnostic) (73 ms − 15 ms = 58 ms; p < .001), but not (and 
even reversed for distractor modality switches (50 ms − 60 ms 
= −10 ms, p = .040). For the ANOVA with current visual-
inducer distractors (right panel), there were significant main 
effects of previous congruency (previous congruent: 114 ms; 
previous incongruent; 65 ms), F(1, 51) = 323.30, p < .001, 
ηp

2 = 0.86, and previous distractor modality (previous vis-
ual: 83 ms; previous auditory; 96 ms), F(1, 51) = 14.20, p < 
.001, ηp

2 = 0.22. The interaction between previous distractor 
modality and previous congruency was also significant, F(1, 
51) = 168.21, p < .001, ηp

2 = 0.77. Critically, in contrast to 
Experiment 1, the CSE was only significantly different when 
preceded by the same (visual) distractor modality (131 ms 
versus 34 ms; p < .001), but not when preceded by the dif-
ferent (auditory) distractor modality (both 96 ms; p = .910).

Now we look at ER-based sequential congruency effects 
(Fig. 9b). For current auditory-diagnostic distractors (left 
panel), there was a significant main effect of previous con-
gruency (4.6% versus 1.8%), F(1, 51) = 10.16, p = .002, 
ηp

2 = 0.17. Previous distractor modality had no effect on 
ER-based CSEs, F(1, 51) = 2.38, p = .0129, ηp

2 = 0.04. As 
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before, the interaction between previous distractor modal-
ity and previous congruency was also present in trials with 
current auditory distractors, F(1, 51) = 7.03.46, p = .011, 
ηp

2 = 0.12. Pairwise comparisons revealed that the CSE’s 
were only significant when auditory trials were preceded by 
the same auditory distractor modality (6.4% versus 1.2%; p 
= .003), but not when preceded by visual ones (2.8% versus 
2.3%; p = .47). Similar to auditory distractor trials, there 
was a main effect of previous congruency visible in the con-
gruency effects when current distractors were visual (right 
panel), F(1, 51) = 63.80, p < .001, ηp

2 = 0.56. This CSE 
was larger when the previous trial was congruent compared 
with incongruent (9.67% versus 2.25%). Similar to current 
auditory trials, previous distractor modality did not affect the 
CSE in trials with visual flankers when the inducer distrac-
tor modality was visual, F(1, 51) = 3.34, p = .074, ηp

2 = 
0.06. However, the interaction between previous distractor 
modality and previous congruency was again significant, 

F(1, 51) = 87.11, p < .001, ηp
2 = 0.63. Pairwise compari-

sons revealed that the CSEs were only significant when the 
distractor modality did not change (13.8% versus −0.8%; 
p < .001), but not when preceded by an auditory distractor 
(5.5% versus 5.3%; p = .75).

Experiment 2B: Auditory inducer

Again, first looking at RT-based sequential congruency 
effects for visual inducer (Fig. 10a). For the ANOVA with 
current auditory distractor modality (left panel) there, as 
seen in Experiment 1 and 2A, was a significant main effect 
of previous congruency, reflecting larger congruency effects 
when the previous trial was congruent compared with incon-
gruent (55 ms versus 29 ms), F(1, 57) = 65.55, p < .001, 
ηp

2 = 0.53. Furthermore, the interaction between previ-
ous distractor modality and previous congruency was sig-
nificant, F(1, 57) = 72.26, p < .001, ηp

2 = 0.56. Pairwise 
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Fig. 8   Congruency sequence effects in Experiment 1. Mean congru-
ency effects in reaction time (a) and mean error rate (b) as a function 
of congruency in the previous trial (congruent n − 1, incongruent n − 
1) and distractor modality in the previous trial (auditory n − 1, visual 

n −1) separately for whether the current distractor modality was audi-
tory (left) or visual (right). Error bars indicate 1 standard error (SE) 
of the corresponding means
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comparisons revealed that the CSE was significant for 
both trials preceded by auditory (80 ms versus 9 ms; p < 
.001) and visual distractors (30 ms versus 49 ms; p = .001) 
though reversed in the latter one. This means that there was 
a reversed CSE in the auditory inducer experiment when 
the previous distractor modality was visual (diagnostic) and 
the current one was auditory (inducer), similar to findings 
with the visual inducer. Regarding the ANOVA with cur-
rent visual distractors (right panel), there was once again a 
significant main effect of previous congruency, being bigger 
when the previous trial was congruent compared with incon-
gruent (86 ms versus 51 ms), F(1, 57) = 39.90, p < .001, ηp

2 
= 0.41. Similar to the results in Experiment 2A, there was a 
significant interaction between previous distractor modality 
and previous congruency, F(1, 57) = 43.16, p < .001, ηp

2 
= 0.43. Interestingly, the CSE was only significantly differ-
ent when preceded by the same (visual) distractor modality 

(103 ms versus 27 ms; p < .001), but not when preceded by 
the different (auditory) distractor modality (70 ms versus 
75 ms; p = .350).

Now we look at ER-based sequential congruency effects 
(Fig. 10b). For current auditory distractor trials (left panel), 
there was a main effect of previous congruency, F(1, 57) = 
57.19, p = .001, ηp

2 = 0.50, being larger when the previous 
trial was congruent compared with incongruent (4.5% ver-
sus −0.1%). There was a main effect of previous distractor 
modality, F(1, 57) = 19.90, p < .001, ηp

2 = 0.26, being more 
pronounced when the previous distractor modality was audi-
tory (inducer) (3.3%) compared with when visual (1.2%). 
The interaction between previous distractor modality and 
previous congruency was also present in trials with current 
auditory distractors, F(1, 57) = 22.46, p < .001, ηp

2 = 0.28. 
Pairwise comparisons revealed that the CSEs were signifi-
cant for both trials preceded by the same auditory distractor 

Auditory Visual

Auditory Visual Auditory Visual
0

30

60

90

120

150

Previous Distractor Modality

C
on

gr
ue

nc
y 

Ef
fe

ct
 [m

s] Previous congruency

Congruent
Incongruent

Current Distractor Modalitya

Auditory Visual

Auditory Visual Auditory Visual
−2

1

4

7

10

13

16

Previous Distractor Modality

C
on

gr
ue

nc
y 

Ef
fe

ct
 [%

] Previous congruency

Congruent
Incongruent

Current Distractor Modalityb

Fig. 9   Congruency sequence effects in Experiment 2A. Mean con-
gruency effects in reaction time (a) and mean percentage error (b) 
as a function of congruency in the previous trial (congruent n − 1, 
incongruent n − 1) and distractor modality in the previous trial (audi-

tory n − 1, visual n − 1) separately for whether the current distrac-
tor modality was auditory (left panel) or visual (right panel). Inducer 
modality was visual. Error bars indicate 1 standard error (SE) of the 
corresponding means
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modality (1.7% versus 0.6%) and trials preceded by visual 
distractors (7.4% versus −0,8%; both ps < .001). Again, this 
effect was smaller when distractor modality changed.

Similar to auditory distractor trials, there was a main 
effect of previous congruency visible in the congruency 
effects with current visual distractors (right panel), F(1, 
57) = 50.89, p < .001, ηp

2 = 0.47. This CSE was again 
larger when the previous trial was congruent compared 
with incongruent (9.3% versus 2.2%). In contrast to cur-
rent auditory trials, previous distractor modality did not 
affect the CSE in trials with visual flanker, F(1, 57) = 0.40, 
p = .528, ηp

2 = 0.01. However, the interaction between 
previous distractor modality and previous congruency was 
again significant, F(1, 57) = 16.31, p < .001, ηp

2 = 0.22. 
Pairwise comparisons revealed that the CSEs were signifi-
cant for both visual trials preceded by auditory (6.9% ver-
sus 4.1%; p = .004) and visual distractors (11.8% versus 

0.4%; p < .001), though once again smaller when modality 
changed.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The authors are indebted to the Baden-Württemberg Stiftung 
for the financial support of this research project by the Eliteprogramme 
for Postdocs.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethics approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Auditory Visual

Auditory Visual Auditory Visual
0

30

60

90

120

150

Previous Distractor Modality

C
on

gr
ue

nc
y 

Ef
fe

ct
 [m

s] Previous congruency

Congruent
Incongruent

Current Distractor Modalitya

Auditory Visual

Auditory Visual Auditory Visual
−2

1

4

7

10

13

16

Previous Distractor Modality

C
on

gr
ue

nc
y 

Ef
fe

ct
 [%

] Previous congruency

Congruent
Incongruent

Current Distractor Modalityb

Fig. 10   Congruency sequence effects in Experiment 2B. Mean con-
gruency effects in reaction time (a) and mean percentage error (b) 
as a function of congruency in the previous trial (congruent n − 1, 
incongruent n − 1) and distractor modality in the previous trial (audi-

tory n − 1, visual n − 1) separately for whether the current distrac-
tor modality was auditory (left panel) or visual (right panel). Inducer 
modality was auditory. Error bars indicate 1 standard error (SE) of 
the corresponding means



111Memory & Cognition (2024) 52:91–114	

1 3

Consent for publication  Not applicable. Note that patients signed 
informed consent regarding publishing their anonymized data via the 
Open Science Framework (OSF).

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abrahamse, E. L., Duthoo, W., Notebaert, W., & Risko, E. F. (2013). 
Attention modulation by proportion congruency: The asymmet-
rical list shifting effect. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 39(5), 1552–1562. https://​
doi.​org/​10.​1037/​a0032​426

Amer, T., Campbell, K. L., & Hasher, L. (2016). Cognitive control 
as a double-edged sword. Trends in Cognitive Sciences, 20(12), 
905–915. https://​doi.​org/​10.​1016/j.​tics.​2016.​10.​002

Baciero, A., Uribe, I., & Gomez, P. (2021). The tactile Eriksen 
flanker effect: A time course analysis. Attention, Perception, 
& Psychophysics, 83(4), 1424–1434. https://​doi.​org/​10.​3758/​
s13414-​020-​02172-2

Bausenhart, K. M., Ulrich, R., & Miller, J. (2021). Effects of con-
flict trial proportion: A comparison of the Eriksen and Simon 
tasks. Attention, Perception, & Psychophysics, 83(2), 810–836. 
https://​doi.​org/​10.​3758/​s13414-​020-​02164-2

Bendixen, A., Grimm, S., Deouell, L. Y., Wetzel, N., Mädebach, A., 
& Schröger, E. (2010). The time-course of auditory and visual 
distraction effects in a new crossmodal paradigm. Neuropsy-
chologia, 48(7), 2130–2139. https://​doi.​org/​10.​1016/j.​neuro​
psych​ologia.​2010.​04.​004

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., & 
Cohen, J. D. (2001). Conflict monitoring and cognitive con-
trol. Psychological Review, 108(3), 624–652. https://​doi.​org/​
10.​1037/​0033-​295X.​108.3.​624

Braem, S., Abrahamse, E. L., Duthoo, W., & Notebaert, W. (2014). 
What determines the specificity of conflict adaptation? A review, 
critical analysis, and proposed synthesis. Frontiers in Psychol-
ogy, 5(1134), 1–13. https://​doi.​org/​10.​3389/​fpsyg.​2014.​01134

Braem, S., Bugg, J. M., Schmidt, J. R., Crump, M. J., Weissman, D. H., 
Notebaert, W., & Egner, T. (2019). Measuring adaptive control 
in conflict tasks. Trends in Cognitive Sciences, 23(9), 769–783. 
https://​doi.​org/​10.​1016/j.​tics.​2019.​07.​002

Bresciani, J.-P., Dammeier, F., & Ernst, M. O. (2008). Tri-modal inte-
gration of visual, tactile and auditory signals for the perception 
of sequences of events. Brain Research Bulletin, 75(6), 753–760. 
https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2008.​01.​009

Bugg, J. M. (2014). Conflict-triggered top-down control: Default mode, 
last resort, or no such thing? Journal of Experimental Psychol-
ogy: Learning, Memory, and Cognition, 40(2), 567–587. https://​
doi.​org/​10.​1037/​a0035​032

Bugg, J. M., & Crump, M. J. (2012). In support of a distinction between 
voluntary and stimulus-driven control: A review of the literature 
on proportion congruent effects. Frontiers in Psychology, 3(367), 
1–16. https://​doi.​org/​10.​3389/​fpsyg.​2012.​00367

Chan, J. S., Merrifield, K., & Spence, C. (2005). Auditory spatial atten-
tion assessed in a flanker interference task. Acta Acustica United 
With Acustica, 91(3), 554–563.

Chen, J., Tan, L., Liu, L., & Wang, L. (2021). Reinforcement learning 
of irrelevant stimulus–response associations modulates cogni-
tive control. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 47(10), 1585–1598. https://​doi.​org/​10.​
1037/​xlm00​00850

Cowan, N. (1988). Evolving conceptions of memory storage, selec-
tive attention, and their mutual constraints within the human 
information-processing system. Psychological Bulletin, 104(2), 
163–191. https://​doi.​org/​10.​1037/​0033-​2909.​104.2.​163

Cohen-Shikora, E. R., Suh, J., & Bugg, J. M. (2019). Assessing the 
temporal learning account of the list-wide proportion congruence 
effect. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 45(9), 1703–1723. https://​doi.​org/​10.​1037/​xlm00​
00670

De Jong, R., Liang, C.-C., & Lauber, E. (1994). Conditional and uncon-
ditional automaticity: A dual-process model of effects of spatial 
stimulus–response correspondence. Journal of Experimental 
Psychology: Human Perception and Performance, 20(4), 731–
750. https://​doi.​org/​10.​1037/​0096-​1523.​20.4.​731

De Leeuw, J. R. (2015). jsPsych: A JavaScript library for creat-
ing behavioral experiments in a Web browser. Behavior 
Research Methods, 47(1), 1–12. https://​doi.​org/​10.​3758/​
s13428-​014-​0458-y

Egner, T. (2007). Congruency sequence effects and cognitive control. 
Cognitive, Affective, & Behavioral Neuroscience, 7(4), 380–390. 
https://​doi.​org/​10.​3758/​cabn.7.​4.​380

Egner, T., & Hirsch, J. (2005). Cognitive control mechanisms resolve 
conflict through cortical amplification of task-relevant informa-
tion. Nature Neuroscience, 8(12), 1784–1790. https://​doi.​org/​10.​
1038/​nn1594

Eimer, M., Hommel, B., & Prinz, W. (1995). SR compatibility and 
response selection. Acta Psychologica, 90, 301–313. https://​doi.​
org/​10.​1016/​0001-​6918(95)​00022-M

Ellinghaus, R., Karlbauer, M., Bausenhart, K. M., & Ulrich, R. (2018). 
On the time-course of automatic response activation in the Simon 
task. Psychological Research, 82(4), 734–743. https://​doi.​org/​10.​
1007/​s00426-​017-​0860-z

Ellinghaus, R., Liepelt, R., Mackenzie, I. G., & Mittelstädt, V. (2023). 
Distractor activation in conflict tasks is transient rather than 
permanent. Manuscript under review.

Ellinghaus, R., & Miller, J. (2018). Delta plots with negative-going 
slopes as a potential marker of decreasing response activation 
in masked semantic priming. Psychological Research, 82(3), 
590–599. https://​doi.​org/​10.​1007/​s00426-​017-​0844-z

Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon the 
identification of a target letter in a nonsearch task. Perception & Psy-
chophysics, 16(1), 143–149. https://​doi.​org/​10.​3758/​BF032​03267

Eriksen, C. W., & Schultz, D. W. (1979). Information processing in 
visual search: A continuous flow conception and experimental 
results. Perception & Psychophysics, 25(4), 249–263. https://​doi.​
org/​10.​3758/​bf031​98804

Falchier, A., Clavagnier, S., Barone, P., & Kennedy, H. (2002). Ana-
tomical evidence of multimodal integration in primate striate 
cortex. Journal of Neuroscience, 22(13), 5749–5759. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​22-​13-​05749.​2002

Fischer, R., Dreisbach, G., & Goschke, T. (2008). Context-sensitive 
adjustments of cognitive control: Conflict-adaptation effects are 
modulated by processing demands of the ongoing task. Journal 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1037/a0032426
https://doi.org/10.1037/a0032426
https://doi.org/10.1016/j.tics.2016.10.002
https://doi.org/10.3758/s13414-020-02172-2
https://doi.org/10.3758/s13414-020-02172-2
https://doi.org/10.3758/s13414-020-02164-2
https://doi.org/10.1016/j.neuropsychologia.2010.04.004
https://doi.org/10.1016/j.neuropsychologia.2010.04.004
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.3389/fpsyg.2014.01134
https://doi.org/10.1016/j.tics.2019.07.002
https://doi.org/10.1016/j.brainresbull.2008.01.009
https://doi.org/10.1037/a0035032
https://doi.org/10.1037/a0035032
https://doi.org/10.3389/fpsyg.2012.00367
https://doi.org/10.1037/xlm0000850
https://doi.org/10.1037/xlm0000850
https://doi.org/10.1037/0033-2909.104.2.163
https://doi.org/10.1037/xlm0000670
https://doi.org/10.1037/xlm0000670
https://doi.org/10.1037/0096-1523.20.4.731
https://doi.org/10.3758/s13428-014-0458-y
https://doi.org/10.3758/s13428-014-0458-y
https://doi.org/10.3758/cabn.7.4.380
https://doi.org/10.1038/nn1594
https://doi.org/10.1038/nn1594
https://doi.org/10.1016/0001-6918(95)00022-M
https://doi.org/10.1016/0001-6918(95)00022-M
https://doi.org/10.1007/s00426-017-0860-z
https://doi.org/10.1007/s00426-017-0860-z
https://doi.org/10.1007/s00426-017-0844-z
https://doi.org/10.3758/BF03203267
https://doi.org/10.3758/bf03198804
https://doi.org/10.3758/bf03198804
https://doi.org/10.1523/JNEUROSCI.22-13-05749.2002
https://doi.org/10.1523/JNEUROSCI.22-13-05749.2002


112	 Memory & Cognition (2024) 52:91–114

1 3

of Experimental Psychology: Learning, Memory, and Cognition, 
34(3), 712–718. 0278-7393.34.3.712

Forster, S. E., Carter, C. S., Cohen, J. D., & Cho, R. Y. (2011). Para-
metric manipulation of the conflict signal and control-state 
adaptation. Journal of Cognitive Neuroscience, 23(4), 923–935. 
https://​doi.​org/​10.​1162/​jocn.​2010.​21458

Frings, C., Hommel, B., Koch, I., Rothermund, K., Dignath, D., 
Giesen, C., Kiesel, A., Kunde, W., Mayer, S., Moller, B., Möller, 
M., Pfister, R., & Philipp, A. (2020). Binding and retrieval in 
action control (BRAC). Trends in Cognitive Sciences, 24(5), 
375–387. https://​doi.​org/​10.​1016/j.​tics.​2020.​02.​004

Frings, C., & Spence, C. (2010). Crossmodal congruency effects based 
on stimulus identity. Brain Research, 1354, 113–122. https://​doi.​
org/​10.​1016/j.​brain​res.​2010.​07.​058

Fu, D., Weber, C., Yang, G., Kerzel, M., Nan, W., Barros, P., Wu, 
H., Liu, X., & Wermter, S. (2020). What can computational 
models learn from human selective attention? A review from an 
audiovisual unimodal and crossmodal perspective. Frontiers in 
Integrative Neuroscience, 14(10). https://​doi.​org/​10.​3389/​fnint.​
2020.​00010

Funes, M. J., Lupiáñez, J., & Humphreys, G. (2010). Sustained versus 
transient cognitive control: Evidence of a behavioral dissociation. 
Cognition, 114(3), 338–347. https://​doi.​org/​10.​1016/j.​cogni​tion.​
2009.​10.​007

Gade, M., Paelecke, M., & Rey-Mermet, A. (2020). Simon Says—
On the influence of stimulus arrangement, stimulus material 
and inner speech habits on the Simon effect. Journal of Experi-
mental Psychology: Learning, Memory, and Cognition, 46(7), 
1349–1363. https://​doi.​org/​10.​1037/​xlm00​00789

Grant, L. D., Cookson, S. L., & Weissman, D. H. (2020). Task sets 
serve as boundaries for the congruency sequence effect. Jour-
nal of Experimental Psychology: Human Perception and Per-
formance, 46(8), 798–812. https://​doi.​org/​10.​1037/​xhp00​00750

Grant, L. D., & Weissman, D. H. (2022). The binary structure of event 
files generalizes to abstract features: A nonhierarchical explana-
tion of task set boundaries for the congruency sequence effect. 
Journal of Experimental Psychology: Learning, Memory, and 
Cognition. Advance online publication. https://​doi.​org/​10.​1037/​
xlm00​01148

Gratton, G., Coles, M. G., & Donchin, E. (1992). Optimizing the use of 
information: Strategic control of activation of responses. Journal 
of Experimental Psychology: General, 121(4), 480–506. https://​
doi.​org/​10.​1037//​0096-​3445.​121.4.​480

Hasher, L., Zacks, R. T., & May, C. P. (1999). Inhibitory control, 
circadian arousal, and age. In D. Gopher & A. Koriat (Eds.), 
Attention and performance XVII: Cognitive regulation of per-
formance: Interaction of theory and application (pp. 653–675). 
MIT Press.

Hazeltine, E., Lightman, E., Schwarb, H., & Schumacher, E. H. (2011). 
The boundaries of sequential modulations: Evidence for set-level 
control. Journal of Experimental Psychology: Human Percep-
tion and Performance, 37(6), 1898–1914. https://​doi.​org/​10.​
1037/​a0024​662

Heuer, H., Seegelke, C., & Wühr, P. (2023). Staggered onsets of pro-
cessing relevant and irrelevant stimulus features produce differ-
ent dynamics of congruency effects. Journal of Cognition, 6(1), 
8. https://​doi.​org/​10.​5334/​joc.​252

Hommel, B. (2004). Event files: Feature binding in and across percep-
tion and action. Trends in Cognitive Sciences, 8(11), 494–500. 
https://​doi.​org/​10.​1016/j.​tics.​2004.​08.​007

Hommel, B., Proctor, R. W., & Vu, K.-P.L. (2004). A feature-inte-
gration account of sequential effects in the Simon task. Psy-
chological Research, 68(1), 1–17. https://​doi.​org/​10.​1007/​
s00426-​003-​0132-y

Hübner, R., Steinhauser, M., & Lehle, C. (2010). A dual-stage two-
phase model of selective attention. Psychological Review, 117(3), 
759–784. https://​doi.​org/​10.​1037/​a0019​471

Hübner, R., & Töbel, L. (2019). Conflict resolution in the Eriksen 
flanker task: Similarities and differences to the Simon task. 
PLOS ONE, 14(3), e0214203. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02142​03

Jacoby, L., Lindsay, S., & Hessels, S. (2003). Item-specific control 
of automatic processes: Stroop process dissociations. Psycho-
nomic Bulletin & Review, 10(3), 638–644. https://​doi.​org/​10.​
3758/​bf031​96526

Jain, A., Bansal, R., Kumar, A., & Singh, K. D. (2015). A compara-
tive study of visual and auditory reaction times on the basis of 
gender and physical activity levels of medical first year students. 
International Journal of Applied and Basic Medical Research, 
5(2), 124. https://​doi.​org/​10.​4103/​2229-​516x.​157168

Jiang, J., Brashier, N. M., & Egner, T. (2015). Memory meets control in 
hippocampal and striatal binding of stimuli, responses, and atten-
tional control states. Journal of Neuroscience, 35, 14885–14895. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​2957-​15.​2015

Jost, K., Wendt, M., Luna‐Rodriguez, A., & Jacobsen, T. (2022). Elec-
trophysiological correlates of proportion congruency manipu-
lation in a temporal flanker task. Psychophysiology, e14092. 
https://​doi.​org/​10.​1111/​psyp.​14092

Kornblum, S., Hasbroucq, T., & Osman, A. (1990). Dimensional 
overlap: Cognitive basis for stimulus–response compatibility—
A model and taxonomy. Psychological Review, 97(2), 253–270. 
https://​doi.​org/​10.​1037/​0033-​295x.​97.2.​253

Kreutzfeldt, M., Stephan, D. N., Sturm, W., Willmes, K., & Koch, 
I. (2015). The role of crossmodal competition and dimensional 
overlap in crossmodal attention switching. Acta Psychologica, 
155, 67–76. https://​doi.​org/​10.​1016/j.​actpsy.​2014.​12.​006

Kreutzfeldt, M., Stephan, D. N., Willmes, K., & Koch, I. (2016). Shifts 
in target modality cause attentional reset: Evidence from sequen-
tial modulation of crossmodal congruency effects. Psychonomic 
Bulletin & Review, 23, 1466–1473. https://​doi.​org/​10.​3758/​
s13423-​016-​1001-1

Lavie, N. (2010). Attention, distraction, and cognitive control under 
load. Current Directions in Psychological Science, 19(3), 143–
148. https://​doi.​org/​10.​1177/​09637​21410​370295

Lavie, N., Hirst, A., De Fockert, J. W., & Viding, E. (2004). Load 
theory of selective attention and cognitive control. Journal of 
Experimental Psychology: General, 133(3), 339–354. https://​doi.​
org/​10.​1037/​0096-​3445.​133.3.​339

Li, Z., Yang, G., Wu, H., Li, Q., Xu, H., Goeschl, F., Nolte, G., & Liu, 
X. (2021). Modality-specific neural mechanisms of cognitive 
control in a Stroop-like task. Brain and Cognition, 147, 105662. 
https://​doi.​org/​10.​1016/j.​bandc.​2020.​105662

Logan, G. D., & Zbrodoff, N. J. (1979). When it helps to be misled: 
Facilitative effects of increasing the frequency of conflicting 
stimuli in a Stroop-like task. Memory & Cognition, 7(3), 166–
174. https://​doi.​org/​10.​3758/​BF031​97535

Lukas, S., Philipp, A. M., & Koch, I. (2010). Switching attention 
between modalities: Further evidence for visual dominance. 
Psychological Research, 74, 255–267. https://​doi.​org/​10.​1007/​
s00426-​009-​0246-y

Luo, J., Yang, M., & Wang, L. (2022). Learned irrelevant stimulus–
response associations and proportion congruency effect: A dif-
fusion model account. Journal of Experimental Psychology: 
Learning, Memory, and Cognition. https://​doi.​org/​10.​1037/​
xlm00​01158

Mackenzie, I. G., & Dudschig, C. (2021). DMCfun: An R package for 
fitting diffusion model of conflict (DMC) to reaction time and 
error rate data. Methods in Psychology, 5, 100074. https://​doi.​
org/​10.​1016/j.​metip.​2021.​100074

https://doi.org/10.1162/jocn.2010.21458
https://doi.org/10.1016/j.tics.2020.02.004
https://doi.org/10.1016/j.brainres.2010.07.058
https://doi.org/10.1016/j.brainres.2010.07.058
https://doi.org/10.3389/fnint.2020.00010
https://doi.org/10.3389/fnint.2020.00010
https://doi.org/10.1016/j.cognition.2009.10.007
https://doi.org/10.1016/j.cognition.2009.10.007
https://doi.org/10.1037/xlm0000789
https://doi.org/10.1037/xhp0000750
https://doi.org/10.1037/xlm0001148
https://doi.org/10.1037/xlm0001148
https://doi.org/10.1037//0096-3445.121.4.480
https://doi.org/10.1037//0096-3445.121.4.480
https://doi.org/10.1037/a0024662
https://doi.org/10.1037/a0024662
https://doi.org/10.5334/joc.252
https://doi.org/10.1016/j.tics.2004.08.007
https://doi.org/10.1007/s00426-003-0132-y
https://doi.org/10.1007/s00426-003-0132-y
https://doi.org/10.1037/a0019471
https://doi.org/10.1371/journal.pone.0214203
https://doi.org/10.1371/journal.pone.0214203
https://doi.org/10.3758/bf03196526
https://doi.org/10.3758/bf03196526
https://doi.org/10.4103/2229-516x.157168
https://doi.org/10.1523/JNEUROSCI.2957-15.2015
https://doi.org/10.1111/psyp.14092
https://doi.org/10.1037/0033-295x.97.2.253
https://doi.org/10.1016/j.actpsy.2014.12.006
https://doi.org/10.3758/s13423-016-1001-1
https://doi.org/10.3758/s13423-016-1001-1
https://doi.org/10.1177/0963721410370295
https://doi.org/10.1037/0096-3445.133.3.339
https://doi.org/10.1037/0096-3445.133.3.339
https://doi.org/10.1016/j.bandc.2020.105662
https://doi.org/10.3758/BF03197535
https://doi.org/10.1007/s00426-009-0246-y
https://doi.org/10.1007/s00426-009-0246-y
https://doi.org/10.1037/xlm0001158
https://doi.org/10.1037/xlm0001158
https://doi.org/10.1016/j.metip.2021.100074
https://doi.org/10.1016/j.metip.2021.100074


113Memory & Cognition (2024) 52:91–114	

1 3

Mackenzie, I. G., Mittelstädt, V., Ulrich, R., & Leuthold, H. (2022). 
The role of temporal order of relevant and irrelevant dimensions 
within conflict tasks. Journal of Experimental Psychology: 
Human Perception and Performance, 1099–1115. https://​doi.​
org/​10.​1037/​xhp00​01032

Mattler, U. (2005). Flanker effects on motor output and the late-level 
response activation hypothesis. The Quarterly Journal of Experi-
mental Psychology Section A, 58(4), 577–601. https://​doi.​org/​10.​
1080/​02724​98044​30000​89

Mayr, U., Awh, E., & Laurey, P. (2003). Conflict adaptation effects 
in the absence of executive control. Nature Neuroscience, 6(5), 
450–452. https://​doi.​org/​10.​1038/​nn1051

Miller, R., Schmidt, K., Kirschbaum, C., & Enge, S. (2018). Com-
parability, stability, and reliability of internet-based mental 
chronometry in domestic and laboratory settings. Behavior 
Research Methods, 50, 1345–1358. https://​doi.​org/​10.​3758/​
s13428-​018-​1036-5

Mittelstädt, V., Leuthold, H., & Mackenzie, I. G. (2022a). Motor 
demands influence conflict processing in a mouse-tracking 
Simon task. Psychological Research, 1–16. https://​doi.​org/​10.​
1007/​s00426-​022-​01755-y

Mittelstädt, V., & Miller, J. (2018). Redundancy gain in the Simon 
Task: Does increasing relevant activation reduce the effect of 
irrelevant activation? Journal of Experimental Psychology: 
Human Perception and Performance, 44(8), 1153–1167. https://​
doi.​org/​10.​1037/​xhp00​00523

Mittelstädt, V., & Miller, J. (2020). Beyond mean reaction times: Com-
bining distributional analyses with processing stage manipula-
tions in the Simon task. Cognitive Psychology, 119, 101275. 
https://​doi.​org/​10.​1016/j.​cogps​ych.​2020.​101275

Mittelstädt, V., Miller, J., Leuthold, H., Mackenzie, I. G., & Ulrich, R. 
(2022b). The time-course of distractor-based activation modu-
lates effects of speed–accuracy tradeoffs in conflict tasks. Psy-
chonomic Bulletin & Review, 29(3), 837–854. https://​doi.​org/​10.​
3758/​s13423-​021-​02003-x

Mittelstädt, V., Ulrich, R., König, J., Hofbauer, K., & Mackenzie, I. G. 
(2022c). The influence of reward in the Simon task: Differences 
and similarities to the Stroop and Eriksen flanker tasks. Atten-
tion, Perception, & Psychophysics, 1–11. https://​doi.​org/​10.​3758/​
s13414-​022-​02563-7

Notebaert, W., & Verguts, T. (2008). Cognitive control acts locally. 
Cognition, 106(2), 1071–1080. https://​doi.​org/​10.​1016/j.​cogni​
tion.​2007.​04.​011

Rey-Mermet, A., Gade, M., & Steinhauser, M. (2019). Sequential 
conflict resolution under multiple concurrent conflicts: An ERP 
study. NeuroImage, 188, 411–418. https://​doi.​org/​10.​1016/j.​
neuro​image.​2018.​12.​031

Pratte, M. S., Rouder, J. N., Morey, R. D., & Feng, C. (2010). Explor-
ing the differences in distributional properties between Stroop 
and Simon effects using delta plots. Attention, Perception, & 
Psychophysics, 72(7), 2013–2025. https://​doi.​org/​10.​3758/​APP.​
72.7.​2013

Ridderinkhof, K. R., van den Wildenberg, W. P., Wijnen, J., & Burle, B. 
(2004). Response inhibition in conflict tasks is revealed in delta 
plots. In M. Posner (Ed.), Cognitive neuroscience of attention 
(pp. 369–377). Guilford Press.

Ridderinkhof, R. K. (2002). Micro-and macro-adjustments of task 
set: activation and suppression in conflict tasks. Psycho-
logical Research, 66(4), 312–323. https://​doi.​org/​10.​1007/​
s00426-​002-​0104-7

Schmidt, J. R. (2013a). Temporal learning and list-level proportion 
congruency: Conflict adaptation or learning when to respond? 
PLOS ONE, 8(11), e82320. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00823​20

Schmidt, J. R. (2013b). Questioning conflict adaptation: Proportion 
congruent and Gratton effects reconsidered. Psychonomic 

Bulletin & Review, 20(4), 615–630. https://​doi.​org/​10.​3758/​
s13423-​012-​0373-0

Schmidt, J. R. (2019). Evidence against conflict monitoring and adap-
tation: An updated review. Psychonomic Bulletin & Review, 
26(3), 753–771. https://​doi.​org/​10.​3758/​s13423-​018-​1520-z

Schmidt, J. R., & Besner, D. (2008). The Stroop effect: Why propor-
tion congruent has nothing to do with congruency and every-
thing to do with contingency. Journal of Experimental Psy-
chology: Learning, Memory, and Cognition, 34(3), 514–523. 
https://​doi.​org/​10.​1037/​0278-​7393.​34.3.​514

Schumacher, E. H., & Hazeltine, E. (2016). Hierarchical task rep-
resentation: Task files and response selection. Current Direc-
tions in Psychological Science, 25, 449–454. https://​doi.​org/​
10.​1177/​09637​21416​665085

Servant, M., & Logan, G. D. (2019). Dynamics of attentional 
focusing in the Eriksen flanker task. Attention, Perception, 
& Psychophysics, 81(8), 2710–2721. https://​doi.​org/​10.​3758/​
s13414-​019-​01796-3

Shichel, I., & Goldfarb, L. (2022). The effect of proportion manip-
ulation on the size-congruency and distance effects in the 
numerical Stroop task. Memory & Cognition, 50, 1578–1589. 
https://​doi.​org/​10.​3758/​s13421-​022-​01292-4

Simon, H. A. (1990). Invariants of human behavior. Annual Review 
of Psychology, 41(1), 1–19. https://​doi.​org/​10.​1146/​annur​ev.​
ps.​41.​020190.​000245

Spence, C., & Ho, C. (2015). Multisensory information process-
ing. In D. A. Boehm-Davis, F. T. Durso, & J. D. Lee (Eds.), 
APA handbook of human systems integration (pp. 435–448). 
American Psychological Association. https://​doi.​org/​10.​1037/​
14528-​027

Sprengel, M., Tomat, M., Wendt, M., Knoth, S., & Jacobsen, T. (2022). 
Dissociating selectivity adjustments from temporal learning-
introducing the context-dependent proportion congruency effect. 
PLOS ONE, 17(12), e0276611. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02766​11

Stephan, D. N., & Koch, I. (2016). Modality-specific effects on cross-
talk in task switching: Evidence from modality compatibility 
using bimodal stimulation. Psychological Research, 80(6), 935–
943. https://​doi.​org/​10.​1007/​s00426-​015-​0700-y

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. 
Journal of Experimental Psychology, 121(1), 15–23. https://​doi.​
org/​10.​1037/​0096-​3445.​121.1.​15

Stürmer, B., Leuthold, H., Soetens, E., Schröter, H., & Sommer, W. 
(2002). Control over location-based response activation in the 
Simon task: Behavioral and electrophysiological evidence. 
Journal of Experimental Psychology: Human Perception and 
Performance, 28(6), 1345–1363. https://​doi.​org/​10.​1037/​0096-​
1523.​28.6.​1345

Thomson, D. R., Willoughby, K., & Milliken, B. (2014). Implicit learn-
ing modulates attention capture: Evidence from an item-specific 
proportion congruency manipulation. Frontiers in Psychology, 
5(551). https://​doi.​org/​10.​3389/​fpsyg.​2014.​00551

Treccani, B., Cona, G., Milanese, N., & Umiltà, C. (2018). Sequential 
modulation of (bottom-up) response activation and inhibition in 
a response conflict task: A single-pulse transcranial magnetic 
stimulation study. Psychological Research, 82(4), 771–786. 
https://​doi.​org/​10.​1007/​s00426-​017-​0863-9

Turk, M. (2014). Multimodal interaction: A review. Pattern Recogni-
tion Letters, 36, 189–195. https://​doi.​org/​10.​1016/j.​patrec.​2013.​
07.​003

Ulrich, R., Prislan, L., & Miller, J. (2021). A bimodal extension of the 
Eriksen flanker task. Attention, Perception, & Psychophysics, 
83(2), 790–799. https://​doi.​org/​10.​3758/​s13414-​020-​02150-8

Ulrich, R., Schröter, H., Leuthold, H., & Birngruber, T. (2015). Auto-
matic and controlled stimulus processing in conflict tasks: 
Superimposed diffusion processes and delta functions. Cognitive 

https://doi.org/10.1037/xhp0001032
https://doi.org/10.1037/xhp0001032
https://doi.org/10.1080/02724980443000089
https://doi.org/10.1080/02724980443000089
https://doi.org/10.1038/nn1051
https://doi.org/10.3758/s13428-018-1036-5
https://doi.org/10.3758/s13428-018-1036-5
https://doi.org/10.1007/s00426-022-01755-y
https://doi.org/10.1007/s00426-022-01755-y
https://doi.org/10.1037/xhp0000523
https://doi.org/10.1037/xhp0000523
https://doi.org/10.1016/j.cogpsych.2020.101275
https://doi.org/10.3758/s13423-021-02003-x
https://doi.org/10.3758/s13423-021-02003-x
https://doi.org/10.3758/s13414-022-02563-7
https://doi.org/10.3758/s13414-022-02563-7
https://doi.org/10.1016/j.cognition.2007.04.011
https://doi.org/10.1016/j.cognition.2007.04.011
https://doi.org/10.1016/j.neuroimage.2018.12.031
https://doi.org/10.1016/j.neuroimage.2018.12.031
https://doi.org/10.3758/APP.72.7.2013
https://doi.org/10.3758/APP.72.7.2013
https://doi.org/10.1007/s00426-002-0104-7
https://doi.org/10.1007/s00426-002-0104-7
https://doi.org/10.1371/journal.pone.0082320
https://doi.org/10.1371/journal.pone.0082320
https://doi.org/10.3758/s13423-012-0373-0
https://doi.org/10.3758/s13423-012-0373-0
https://doi.org/10.3758/s13423-018-1520-z
https://doi.org/10.1037/0278-7393.34.3.514
https://doi.org/10.1177/0963721416665085
https://doi.org/10.1177/0963721416665085
https://doi.org/10.3758/s13414-019-01796-3
https://doi.org/10.3758/s13414-019-01796-3
https://doi.org/10.3758/s13421-022-01292-4
https://doi.org/10.1146/annurev.ps.41.020190.000245
https://doi.org/10.1146/annurev.ps.41.020190.000245
https://doi.org/10.1037/14528-027
https://doi.org/10.1037/14528-027
https://doi.org/10.1371/journal.pone.0276611
https://doi.org/10.1371/journal.pone.0276611
https://doi.org/10.1007/s00426-015-0700-y
https://doi.org/10.1037/0096-3445.121.1.15
https://doi.org/10.1037/0096-3445.121.1.15
https://doi.org/10.1037/0096-1523.28.6.1345
https://doi.org/10.1037/0096-1523.28.6.1345
https://doi.org/10.3389/fpsyg.2014.00551
https://doi.org/10.1007/s00426-017-0863-9
https://doi.org/10.1016/j.patrec.2013.07.003
https://doi.org/10.1016/j.patrec.2013.07.003
https://doi.org/10.3758/s13414-020-02150-8


114	 Memory & Cognition (2024) 52:91–114

1 3

Psychology, 78, 148–174. https://​doi.​org/​10.​1016/j.​cogps​ych.​
2015.​02.​005

Verguts, T., & Notebaert, W. (2009). Adaptation by binding: A learning 
account of cognitive control. Trends in Cognitive Sciences, 13, 
252–257. https://​doi.​org/​10.​1016/j.​tics.​2009.​02.​007

Weissman, D. H., Jiang, J., & Egner, T. (2014). Determinants of con-
gruency sequence effects without learning and memory con-
founds. Journal of Experimental Psychology: Human Percep-
tion and Performance, 40(5), 2022–2037. https://​doi.​org/​10.​
1037/​a0037​454

Wendt, M., Kluwe, R. H., & Peters, A. (2006). Sequential modulations 
of interference evoked by processing task-irrelevant stimulus fea-
tures. Journal of Experimental Psychology: Human Perception 
and Performance, 32(3), 644–667. https://​doi.​org/​10.​1037/​0096-​
1523.​32.3.​644

Wendt, M., & Luna-Rodriguez, A. (2009). Conflict-frequency affects 
flanker interference: Role of stimulus-ensemble-specific practice 
and flanker-response contingencies. Experimental Psychology, 
56(3), 206–217. https://​doi.​org/​10.​1027/​1618-​3169.​56.3.​206

Wesslein, A.-K., Spence, C., & Frings, C. (2014). When vision influences 
the invisible distractor: Tactile response compatibility effects require 
vision. Journal of Experimental Psychology: Human Perception and 
Performance, 40(2), 763–774. https://​doi.​org/​10.​1037/​a0035​047

Wesslein, A.-K., Spence, C., & Frings, C. (2015). You can’t ignore what 
you can’t separate: The effect of visually induced target-distractor 
separation on tactile selection. Psychonomic Bulletin & Review, 
22(3), 728–736. https://​doi.​org/​10.​3758/​s13423-​014-​0738-7

Wiegand, K., & Wascher, E. (2005). Dynamic Aspects of stimulus–
response correspondence: Evidence for two mechanisms involved 
in the Simon effect. Journal of Experimental Psychology: Human 

Perception and Performance, 31(3), 453–464. https://​doi.​org/​10.​
1037/​0096-​1523.​31.3.​453

Wühr, P., & Ansorge, U. (2005). Exploring trial-by-trial modulations 
of the Simon effect. The Quarterly Journal of Experimental 
Psychology Section A, 58(4), 705–731. https://​doi.​org/​10.​1080/​
02724​98044​30002​69

Wühr, P., Duthoo, W., & Notebaert, W. (2015). Generalizing attentional con-
trol across dimensions and tasks: Evidence from transfer of propor-
tion-congruent effects. Quarterly Journal of Experimental Psychol-
ogy, 68(4), 779–801. https://​doi.​org/​10.​1080/​17470​218.​2014.​966729

Yang, G., Nan, W., Zheng, Y., Wu, H., Li, Q., & Liu, X. (2017). Dis-
tinct cognitive control mechanisms as revealed by modality-spe-
cific conflict adaptation effects. Journal of Experimental Psy-
chology: Human Perception and Performance, 43(4), 807–818. 
https://​doi.​org/​10.​1037/​xhp00​00351

Yang, G., Xu, H., Li, Z., Nan, W., Wu, H., Li, Q., & Liu, X. (2021). 
The congruency sequence effect is modulated by the similar-
ity of conflicts. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 47(10), 1705–1719. https://​doi.​org/​10.​
1037/​xlm00​01054

Open Practice Statement and  availability of  data 
and materials  Raw data of all experiments are available via the Open 
Science Framework (OSF) at https://​osf.​io/​6n597/. Preregistration of 
Experiment 2A and Experiment 2B are also available via the OSF at 
https://​osf.​io/​8d3vn and https://​osf.​io/​vkzgr, respectively.

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cogpsych.2015.02.005
https://doi.org/10.1016/j.cogpsych.2015.02.005
https://doi.org/10.1016/j.tics.2009.02.007
https://doi.org/10.1037/a0037454
https://doi.org/10.1037/a0037454
https://doi.org/10.1037/0096-1523.32.3.644
https://doi.org/10.1037/0096-1523.32.3.644
https://doi.org/10.1027/1618-3169.56.3.206
https://doi.org/10.1037/a0035047
https://doi.org/10.3758/s13423-014-0738-7
https://doi.org/10.1037/0096-1523.31.3.453
https://doi.org/10.1037/0096-1523.31.3.453
https://doi.org/10.1080/02724980443000269
https://doi.org/10.1080/02724980443000269
https://doi.org/10.1080/17470218.2014.966729
https://doi.org/10.1037/xhp0000351
https://doi.org/10.1037/xlm0001054
https://doi.org/10.1037/xlm0001054
https://osf.io/6n597/
https://osf.io/8d3vn
https://osf.io/vkzgr

	Exploring behavioral adjustments of proportion congruency manipulations in an Eriksen flanker task with visual and auditory distractor modalities
	Abstract
	The Eriksen flanker task
	The proportion congruency effect
	Overview of the present experiments
	Experiment 1
	Method
	Results and discussion

	Experiment 2A and 2B
	Method
	Results and discussion Experiment 2A
	Results and discussion Experiment 2B

	General discussion
	Implications for cognitive control and memory accounts
	Delta plots and their implications
	Exploring local behavioral adaptations: Congruency sequence effects
	Conclusion

	Appendix 1
	Mean reaction time and error rates

	Appendix 2
	Additional analyses regarding local processing adjustments in Experiment 1, 2A, and 2B: Congruency sequence effects (CSE)
	Experiment 1
	Experiment 2A: Visual inducer
	Experiment 2B: Auditory inducer

	References


