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INTEGRATING ACTION-EFFECT EPISODES 3

Abstract

We interact with our environment through our actions, sampling information from
environmental effects following them. Here we asked how control over action and ensuing
effects influences long-term memory for the effect content and the actions that produced
them. In three experiments, participants carried out spatial actions, which produced the
movement of a box wherein an image was presented. The box either moved spatially
congruent or incongruent with the participants’ action. Memory for images was later tested
in a recognition test and we additionally probed whether participants retrieved the action
used to produce an image when being cued with said image. In a fourth experiment, we kept
the spatial effect component constant to directly investigate bindings between action and
effect features. We found evidence for a facilitating influence of congruency on declarative
memory for effect content and on action retrieval by perceived effect content. Moreover, if
effect content was enriched with a spatial feature, such retrieval was only observed if that
feature was spatially congruent rather than incongruent to the action which had produced
that content. Thus, features of single action-effect episodes can be integrated and
represented in long-term memory and the formation of these representations is facilitated by
control. We propose that feature bindings can be conceptualized as source memory,
representing how environmental effects were produced.

Keywords: action control, feature binding, action retrieval, memory, recognition

Word count: 9,937
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INTEGRATING ACTION-EFFECT EPISODES 4

Integrating Action-Effect Episodes into Long-Term Memory as a Function of

Control

Through our actions we interact with our environment, in which we can cause
perceivable events. As a product of these interactions we sample information about what we
produce (i.e. the content of the event) and how we do so (i.e. by which motor activities). For
example, scrolling through a website by turning the wheel of a PC mouse unveils new text or
images as the webpage moves. Some features of the action consequence are fairly predictable.
Based on previous experience we predict that turning the wheel downwards will move the
screen content downwards (prediction confirmation) rather than upwards (prediction
violation). Other features of the action consequence, specifically if we explore new
environments, are as yet less predictable so that no already established predictions could be
violated or confirmed. The upcoming content of a website through which we scroll is such a
feature, which is the reason for why we scroll after all. If consequences occur as predicted,
this increases the impression of control, whereas violations of such predictions reduce the
impression of control (Ebert & Wegner, 2010).

In the present research we ask how control of one (spatial) feature of an action
consequence impacts long-term memory for (i) the content of that consequence (the what
aspect) and for (ii) the motor activities that bring it about (the how aspect, see Figure 1).
Control was manipulated here by varying the spatial congruency between action and action
consequences. The first question is rooted in memory research which traditionally asks about
conditions that favor or hinder later retrieval of information content. The second question is
rooted in research on action control, which asks how agents first acquire knowledge of how
they produce certain events to enable them to produce such events on purpose later (Elsner
& Hommel, 2001; Kunde & Janczyk, 2024). By the current line of research, we thus aim to
move closer together research on memory and research on action control.

Indeed, actions and memory are bidirectionally intertwined. Memory influences

actions, as choosing and executing an adequate action for achieving intended effects requires
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Figure 1
The Relationships Between Motor Action, Spatial Congruency, and Content of Ensuing
Action Effects Studied here

g(\)e“\ DEﬁ:etC t
(\“\00(\ irection
Motor
Action
Effect
Content

memory processes to retrieve and maintain the goal and retrieve an action plan suitable to
achieve this goal (Altmann & Trafton, 2002; Behmer & Fournier, 2014; Schreiner, Neszmélyi,
et al., 2025). But actions can also influence memory. According to the enactment effect,
motor interactions with an event lead to better memory for the event (Engelkamp, 1986;
Plancher et al., 2013; see Roberts et al., 2022 for a review). This is even the case for rather
simple actions, such as key presses (Chiu & Egner, 2015; Yebra et al., 2019). Memory is also
sensitive to control, which has been found for working memory (Zou et al., 2023) and
episodic memory (Ruiz et al., 2023). Specifically, memory for events is better when
participants have a choice regarding which event to produce than when they have not
(Murty et al., 2015; Ruiz et al., 2023), and when an effect follows an action with high
temporal contiguity (Hon & Yeo, 2021; Penaud et al., 2023) and is spatially congruent to the
action (Hon & Yeo, 2021; Schreiner, Feustel, et al., 2025; but see Tsuji & Imaizumi, 2022).
In the current research, we extend these latter findings by jointly investigating the influence
of spatial congruency between action and effect on both memory for the effect content and
bindings between different features of an action-effect episode.

It is assumed that different features associated with an event, including action
features, are bound together in memory (Frings et al., 2020; Hommel et al., 2001). The
theory of event coding (Hommel et al., 2001) suggests that events are represented by feature

codes, with feature codes referring to the same event being integrated into a mental
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INTEGRATING ACTION-EFFECT EPISODES 6

structure called an event file (Hommel, 1998, 2004). Such an event file can thus include
feature codes relating to various aspects of an event, such as stimuli, performed actions, and
perceptual effects produced by the actions (Frings et al., 2020). As a consequence of such
bindings, reencountering an effect at a later time point can retrieve features associated with
the previous event, such as the action that produced the effect (Dutzi & Hommel, 2009;
Elsner & Hommel, 2001; Herwig & Waszak, 2012; Moeller et al., 2016, 2019).

Studying how control over action effects shapes memory for the identity of these
effects and the strength of these identities to the motor activities that produced them is
important for the following reasons. First, different theoretical perspectives suggest different
influences of control on memory for effect content. Incongruent action effects violate
expectations and attract attention (e.g., Chen et al., 2023; Greve et al., 2017), while,
conversely, congruent action effects meet predictions and might thus become subject to
sensory attenuation (Hughes et al., 2013). From that perspective, memory encoding for
congruent effects should suffer, as compared to memory for incongruent effects. However,
congruent action effects are arguably perceived more likely as a self-generated event which
has been shown to benefit memory (Jacoby, 1978; Kim & Johnson, 2012; Slamecka & Graf,
1978). Moreover, the experience of incongruent action effects may produce interference
between anticipated features of an action-effect episode (prior to acting) and observed
features (after acting), thereby weakening the binding of features that constitute the
eventually experienced action-effect episode (Schreiner, Feustel, et al., 2025). In line with
some previous research, we hypothesize (Hypothesis 1) that action-effect congruency benefits
memory of such episodes (Hon & Yeo, 2021; Schreiner, Feustel, et al., 2025). Yet, this
beneficial influence was fairly small in previous studies and thus requires further
investigation.

Second, feature binding and corresponding retrieval has so far been mostly
investigated for rather short time scales, typically a few seconds (e.g., Dutzi & Hommel,

2009; Hommel, 2004; Moeller et al., 2016; Moeller & Frings, 2022; but see Elsner & Hommel,
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2001; Hommel et al., 2003), and such bindings have been assumed to decay rather quickly,
over similar time scales (Frings, 2011; Frings et al., 2022; Pastotter et al., 2021). Recently
though, it has been proposed that feature bindings may be a precursor for the formation of
associations in long-term memory (Frings et al., 2023). Indeed, long-term memory,
particularly episodic memory, also involves the binding of different elements involved in an
event (Eichenbaum, 1999; Horner et al., 2015; Horner & Burgess, 2013; Schreiner et al., 2023;
Tulving, 1983). Yet, it is an open question whether more durable action-effect bindings can
emerge from single episodes. Stable long-term bindings might emerge from repetition
(“refreshment”) of corresponding short-term episodes before decay has taken place (Frings et
al., 2023). We do not live under the illusion that particularly strong effects may be observed
after single encounters of action-effect episodes. However, they are theoretically important.
Finding that even single episodes can prompt relatively long-lasting bindings would suggest
that the interval over which such bindings (fully) decay is fairly long and can at least span
several minutes. Beyond providing a first test of such long-term bindings between actions
and ensuing effect content, we go one step further and test whether action-effect congruency
moderates the establishment of such relatively long-lasting bindings. Again, we suspect that
congruent action-effect episodes, where there is a match between anticipated features and
eventually perceived features of the action-effect episode, benefit the creation of such
bindings (Schreiner, Feustel, et al., 2025). Thus, perceiving an effect content should more
likely retrieve the action that had produced that content before, if the spatial aspect of the
effect was congruent to the action (Hypothesis 2).

These hypotheses were investigated in four experiments by having participants in a
learning phase deciding on the movement direction of a box by pressing a left or right
(Experiments 1 and 2) or an upper or lower (Experiment 3) key. The box then either moved
spatially congruent, in the direction of the keypress (congruent condition), or spatially
incongruent in the opposite (Experiments 1 and 3) or another (Experiment 2) direction

(incongruent condition). Once the box stopped moving, an image appeared in the box. In
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Experiment 4, we removed the spatial effect component to directly probe long-term binding
between actions and the content of their effects. Memory for effect images (=content) was
later tested in a recognition test. In addition, if participants identified an image as old
during test, they were asked to reproduce the response they used for producing the image
previously to test response retrieval by effect content.

To foreshadow the results, we found evidence for response retrieval by presenting
action effect content even after a single action-effect episode. However, this evidence was
mostly confined to actions that produced spatially congruent effects (Experiment 1-3) or
effects that did not vary spatially at all (Experiment 4). Altogether, the results suggest that
actions are bound to the content of their effects. Yet, when there is spatial variability of effect
features, effect content predominantly retrieves spatial effect features associated with that
content, and participants tend to perform an action that is spatially compatible with these
retrieved spatial effect features. Direct retrieval of the action by the effect content appears to
occur to a lesser extent. Results regarding influences of action-effect congruency on explicit

memory for effect content supported a facilitating impact of congruency on memory.
Transparency and Openness

We follow JARS (Kazak, 2018). All data, analysis code, and research materials are
publicly available on the Open Science Framework (Schreiner & Kunde, 2024a). All analyses
were conducted in R 4.3.1 (R Core Team, 2023). For Experiment 4, an a priori power
analysis was performed in multiTree v0.47 (Moshagen, 2010). We used the R packages
papaja (version 0.1.2, Aust & Barth, 2023) and tinylabels (version 0.2.4, Barth, 2023) for
reporting. For Bayesian t¢-tests, the package BayesFactor (version 0.9.12-4.6, Morey &
Rouder, 2023) was used. Hierarchical Bayesian multinomial processing tree model analyses
(Arnold et al., 2019; Klauer, 2006; Rouder & Lu, 2005) were conducted using the package
TreeBUGS (version 1.5.0, Heck et al., 2018). Aggregated multinomial processing tree model
analyses were conducted using the package MPTinR (version 1.14.1, Singmann & Kellen,

2013). Simulations were performed using the package SimDesign (version 2.14, Chalmers &
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Adkins, 2020). Further, the package collection tidyverse (version 2.0.0, Wickham et al., 2019)
and the packages here (version 1.0.1, Miiller, 2020) were used for analyses and the package
effectsize (version 1.0.0, Ben-Shachar et al., 2020) was used for computing Cohen’s d and
associated 95% confidence intervals. The designs, hypotheses, and analysis plans of all
experiments were preregistered (Experiment 1: Schreiner & Kunde, 2024b; Experiment 2:
Schreiner & Kunde, 2024c; Experiment 3: Schreiner & Kunde, 2024e; Experiment 4:
Schreiner & Kunde, 2024d). Note that we initially preregistered and conducted analyses
based on multinomial processing tree models (Bayen et al., 1996; Erdfelder et al., 2009; Hu
& Batchelder, 1994; Riefer & Batchelder, 1988), but post-hoc switched to a different analysis
strategy due to problematic model fit.! The original analyses are available in the online

supplemental materials on the Open Science Framework (Schreiner & Kunde, 2024a).
Experiment 1

In Experiment 1 we investigated Hypotheses 1 and 2, that is, whether spatial
congruency between an action and an ensuing effect facilitates later recognition of effect
content and action-content binding. In a learning phase, participants could decide on the
movement direction of a box by pressing the left or right arrow key. The box then either
moved spatially congruent, in the direction indicated by the key press (congruent condition),
or spatially incongruent, in the opposite direction (incongruent condition). Once the box
stopped moving, an image appeared in the box. Memory for these images was later tested in
a recognition test. In addition, if participants identified an image as old during test, they

were asked to reproduce the response they used for producing the image previously.
Methods
Participants

Participants were recruited via Prolific (https://www.prolific.com) and received a

compensation of £2.40 for the approximately 16-minute experiment. They were prescreened

I This change in analysis strategy was also recommended by reviewers.
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to speak English fluently and to have normal or corrected-to-normal vision. To yield reliable
parameter estimates for the hierarchical Bayesian multinomial processing tree model
originally used to analyze the data (cf. the simulated sensitivity analysis described in the
online supplemental materials), 300 participants took part in the study. This included the
actual target sample size of 250 participants as well as on oversampling rate of 20% to
account for possible data exclusions. The target sample size also provides high sensitivity for
the ultimately conducted Bayesian paired-samples t-test. This was confirmed in a post-hoc
simulated sensitivity analysis, which showed that, using a Bayes factor of 3 (cf. Jeffreys,
1961; Lee & Wagenmakers, 2014) as the criterion (one-tailed testing), this sample size allows
to detect a small effect (d = 0.15) with a sensitivity of 95.9%. In total, 58 participants were
excluded due to experiencing technical problems (37, mostly images not being properly
displayed), reporting having ADHD or not understanding instructions (2), exhibiting a
biased selection of response keys (responding “right” in more than 80% or less than 20% of
trials) in the learning phase (1), counterbalancing of stimuli across experimental conditions
and responses not being possible in the test phase (2), exhibiting biased responding
(identifying items as new in more than 95% or less than 5% of trials) in the recognition test
(15), and exhibiting no variability in response selection in the response reproduction test (1).
The final sample thus consisted of 242 participants (Mage = 31.85, SD 44 = 11.22, 115

women, 120 men, 7 non-binary, 220 right-handed, 17 left-handed, 5 ambidextrous).
Design

The experiment employed a one-factorial (congruency condition: congruent
vs. incongruent) within-subjects design. In the congruent condition, the box moved into the
direction indicated by the participant’s key press and in the incongruent condition it moved

in the opposite direction.
Apparatus and Stimuli

The experiment was conducted online, implemented using lab.js (Henninger et al.,

2022), and data collection was managed by JATOS (Lange et al., 2015). Stimuli were 180
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line drawings of objects taken from the bank of standardized stimuli (BOSS, Brodeur et al.,
2010, 2014). They were selected to have mean visual complexity ratings smaller than 3 and
mean familiarity ratings between 2 and 4.5 (each rated on a Likert scale ranging from 1 to 5),
and then removing stimuli that were perceptually very similar to others in the set. An

additional five line drawings served as practice stimuli.
Procedure

The experiment consisted of a learning and a test phase. The experimental procedure
was similar to the one by Hon and Yeo (2021, Experiment 2; see also Schreiner, Feustel, et al.,
2025, Experiment 1) and is shown in Figure 2. In the learning phase, participants were first
presented a white fixation cross on a black background for 500 ms. Then, a white box (with
a width and height of 160 px relative to the viewport) was presented in the screen center.
Participants were instructed to decide whether the box should move to the left or right by
pressing the corresponding arrow key on their keyboard and that the box would then move
either in the direction of their choice or in the opposite direction. These responses were
self-decided and -initiated, but participants were instructed to select both keys approximately
equally often across trials. They generally adhered to this instruction, as the average
proportion of pressing the right key was M = .49 (SD = .06). After a key was pressed, the
box moved horizontally for 400 ms, either spatially congruent into the direction indicated by
the participant’s key press (congruent condition) or in the opposite direction (incongruent
condition). After the box stopped moving, an image (a line drawing of an object) appeared
inside the box for 1.5 s (also with a width and height of 160 px relative to the viewport).
Participants were instructed to remember these images, as their memory would later be
tested and they would receive performance feedback at the end of the experiment. Each trial
concluded with an interstimulus interval of 500 ms during which a blank black screen was
shown. The learning phase consisted of 120 trials. One hundred twenty images were
randomly drawn from the pool of 180 images. Half of these images were randomly assigned

to the congruent condition and the other half was assigned to the incongruent condition,
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resulting in 60 trials per congruency condition.? The remaining 60 images were used as novel
foils in the test phase. Before the learning phase, participants conducted four practice trials
(two per congruency condition) to familiarize themselves with the procedure.

After completion of the learning phase, the test phase began. Participants were
presented images in the center of the screen (with a width and height of 160 px relative to
the viewport, as in the learning phase). Half of these images were old, randomly drawn from
the ones presented in the learning phase. The algorithm attempted to counterbalance stimuli
across the two experimental conditions (congruent and incongruent) and the two possible
responses (left and right), resulting in 15 images per cell. If this counterbalancing was not
possible, images were only counterbalanced across the experimental conditions and these
participants were flagged and excluded from the analyses. The old images were presented
interleaved with 60 new images that were not previously presented in the learning phase,
resulting in 120 test trials. Participants first conducted an intentional old/new recognition
test in which they had to decide whether the displayed image was old (i.e., occurred in the
learning phase) or new (i.e., did not occur in the learning phase) by clicking the
corresponding button positioned below the image. If they identified an image as old, they
further conducted an incidental test in which they were asked to reproduce the response (left
or right key press) used for producing the image in the learning phase. Participants were
informed that they would receive feedback regarding their performance (for both the correct
identification of images as old or new and response reproductions) and were instructed to
respond as accurately as possible in both tasks. Each test trial began with a 500 ms fixation
cross and ended with a 500 ms interstimulus interval. Before the test phase, participants
conducted two practice trials (using one old and one new practice stimulus) to familiarize

themselves with the procedure. After the test phase, participants received performance

2 Note that this resulted in an equal number of congruent and incongruent trials occurring in random order.
Thus, overall, whether a given trial was congruent or incongruent was unpredictable for the participants and
they had no sustained control. However, they had transient control on the trial level. Previous research
suggests that participants are sensitive to such transient control, experiencing more control in congruent than
in incongruent trials (Ebert & Wegner, 2010; Schreiner, Feustel, et al., 2025).
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Figure 2
Ezperimental Procedure for Experiments 1 and 2

Experiment 1

Learning Phase

Congruent Condition

500 ms

500 ms

Incongruent Condition

400 ms 15s
Test Phase

Press the key you used to

Is this image old or new? R
produce this image.

500 ms k 500 ms

»

If old selected
Experiment 2

Learning Phase

Congruent Condition

Incongruent Condition
400 ms 2s

500 ms

500 ms

Test Phase

Press the key you used to

Is this image old or new? R
produce this image.

500 ms

500 ms

»

If old selected

Note. The displayed line drawing was taken from the bank of standardized stimuli (Brodeur et al., 2010).
The displayed color image was taken from the THINGSplus database (Stoinski et al., 2024).
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feedback, provided some demographic information, could indicate whether there are reasons
their data should be excluded from the analyses, and give general comments regarding the

experiment.
Data Analysis

To test Hypothesis 1, we calculated the sensitivity index d’ from signal detection
theory from participants’ hit and false alarm rates in the recognition test (Kellen & Klauer,
2014, for a discussion regarding the use of threshold and signal detection theory models; see,
e.g., Malejka et al., 2022).% This index allows to disentangle memory performance from
response biases or guessing tendencies. We controlled for extreme hit (HR) or false alarm
rates (FAR), for which d’ can not be calculated, by applying the adjustment suggested by
Hautus (1995). While, overall, there was an equal number of signal trials (i.e., trials with an
old image) and noise trials (i.e., trials with a new image), the noise trials could not be
assigned to a congruency condition and were used for the calculation of d’ in both conditions.
Therefore, for the calculation of d’ for a given condition, the actual ratio of signal and noise
trials was 1/3 and 2/3. We thus added 1/3 to the number of hits and 2/3 to the number of
false alarms, and 2/3 to the number of signal trials (i.e., trials with an old image) and 4/3 to
the number of noise trials (i.e., trials with a new image) for each participant before
calculating individual HR and FAR. This reflects the ratio of signal to noise trials when
considering trials in the congruent and incongruent condition separately (cf. Schreiner,
Feustel, et al., 2025). d’ was then calculated individually for each participant, separately for
the congruent and incongruent condition, and was then subjected to a one-tailed Bayesian
paired-samples t-test with congruency condition as the independent variable, using the
BayesFactor package (Morey & Rouder, 2023) with the package’s default priors. We report
the Bayes factor (BF) in favor of larger d’ values in the congruent than in the incongruent

condition, considering a BF larger than 3 to reflect substantive evidence for the hypothesis,

3 Note that d’ values for both the recognition and response reproduction test were calculated under an equal
variance assumption of the signal and noise distribution, specifically, assuming normal distributions with a
standard deviation of 1.
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and a BF smaller than .33 to reflect substantial evidence against it (cf. Jeffreys, 1961; Lee &
Wagenmakers, 2014). Note that, while we use these thresholds to aid in the interpretation of
the results, the BF should be considered a continuous measure of evidence strength (e.g.,
Hoijtink et al., 2019).

To test Hypothesis 2, we also calculated the sensitivity index d’ from signal detection
theory from participants’” HR and FAR in the response reproduction test, again allowing us
to disentangle memory performance from response tendencies. To compute HR and FAR for
the response reproduction test, we treated effect images participants produced through a left
keypress action in the learning phase as signal (“old”) items and effect images participants
produced through a right keypress action as noise (“new”) items. Therefore, in the response
reproduction test, a left response to a signal item was categorized as a hit, a right response
to a signal item was categorized as a false alarm, a left response to a noise item was
categorized as a miss, and a right response to a noise item was categorized as a correct
rejection. We again controlled for extreme HR or FAR for which d’ can not be calculated by
applying the adjustment suggested by Hautus (1995). Here we added 0.5 to both the number
of hits and false alarms, and 1 to both the number of signal and noise trials for each
participant. This reflects that, in the test phase, there was an equal number of trials with an
old image for both actions (a left or right keypress) in the learning phase within both
conditions. Therefore, the ratio of signal to noise trials was balanced in the congruent and
incongruent condition. Note though, that the response reproduction test was only conducted
for detected old objects (i.e., hits) in the recognition test. Therefore, the ratio of signal to
noise trials in the actually conducted trials of the response reproduction test could differ.* d’
was again calculated individually for each participant, separately for the congruent and
incongruent condition, and was then subjected to a one-tailed Bayesian paired-samples ¢-test

with congruency condition as the independent variable. We further tested whether d’

4 Also note that the number of trials in the response reproduction test, and therefore the number of hits and
false alarms used for calculating HR and FAR, could vary between participants and conditions, depending on
participants’ behavior in the recognition test.
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differed from zero in each condition by conducting two-tailed Bayesian one-sample t-tests
against zero to probe whether there was any indication of action-effect binding. t-tests were
conducted using the BayesFactor package (Morey & Rouder, 2023) with the package’s
default priors. We report the BF in favor of larger d” values in the congruent than in the
incongruent condition, and the BFs in favor of d’ values unequal zero, again considering a
BF larger than 3 to reflect substantive evidence for the hypothesis, and a BF smaller than
.33 to reflect substantial evidence against it.

These analyses are post-hoc analyses and deviate from the preregistration. We
originally performed analyses based on a (hierarchical Bayesian) multinomial processing tree
model (Bayen et al., 1996; Erdfelder et al., 2009; Heck et al., 2018; Klauer, 2006) but
changed the analysis strategy due to problematic fit of this model. The original analyses are
available in the online supplemental materials.®
Results and Discussion

For the recognition test, average d’, HR, and FAR are reported in Table 1. A
one-tailed Bayesian paired-samples t-test yielded a BF of 2.70 x 10% in favor of larger d’
values in the congruent than in the incongruent condition (AM = 0.08, d = 0.22, 95% CI =
[0.09, 0.35]). This suggests better recognition performance in the congruent than in the

incongruent condition, thus supporting Hypothesis 1.

® This applies to all experiments.
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Table 1
Mean (Standard Deviation) of d’, Hit Rates (HR) and Fualse Alarm Rates (FAR) for the
Recognition and Response Reproduction Tests per Exzperiment and Condition

Experiment Condition Recognition Test Response Reproduction Test
d HR  FAR d HR  FAR
congruent  1.10 (0.82) .57 (.24) 0.49 (0.74) .59 (.19) .42 (
1 22 (.16)
incongruent 1.02 (0.79) .55 (.23) -0.48 (0.81) .41 (.20) .58 (
congruent  1.83 (1.08) .65 (.20) 0.63 (0.87) .60 (.18) .39 (
2 13 (.15)
incongruent 1.80 (1.08) .64 (.21) 0.04 (0.67) .52 (.17) .51 (
congruent  1.55 (1.00) .69 (.19) 0.09 (0.56) .60 (.20) .57 (
3 21 (.17)
incongruent  1.51 (0.97) .68 (.18) 0.03 (0.57) .59 (.21) .58 (
4 2.24 (0.99) .71 (.20) .09 (.11) 0.16 (0.52) .51 (.15) .45 (

Notes. Action-effect congruency was not manipulated in Experiment 4. Note that we report the

adjusted rates.

For the response reproduction test, average d’, HR, and FAR are reported in Table 1.
A one-tailed Bayesian paired-samples ¢-test yielded a BF of 3.87 x 10! in favor of larger d’
values in the congruent than in the incongruent condition (AM = 0.97, d = 0.79, 95% CI =
[0.64, 0.93]). This suggests higher rates of response repetitions in the congruent than in the
incongruent condition, supporting Hypothesis 2. In addition, two-tailed Bayesian one-sample
t-tests against zero yielded a BF of 4.90 x 10'7 (d = 0.66, 95% CI = [0.52, 0.80]) for the
congruent condition and a BF of 3.86 x 10 (d = -0.59, 95% CI = [-0.73, -0.46]) for the
incongruent condition, suggesting d’ values to susbtantially differ from zero in both
conditions. In the congruent condition, they were larger than zero, (possibly) suggesting
action-effect binding. However, in the incongruent condition, they were smaller than zero.

This may reflect an additional cognitive process at play. Participants could not only retrieve
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the action used to produce an image as the effect content, but also other features of the
associated effect, such as the movement direction of the box or the screen location in which
the effect content appeared. Whereas action and effect dimensions perfectly overlapped in the
congruent condition, they were opposed in the incongruent condition. Participants may thus
have (sometimes) retrieved spatial effect features and subsequently adjusted their response
to be in line with the spatial effect direction. The negative d’ values in the incongruent
condition support this notion. However, this may have also occurred in the congruent
condition, but there it can not be disentangled from a genuine effect of binding between the
action and effect content. Note that participants were explicitly instructed to retrieve the
action. An adjustment of the response to reflect the spatial effect direction would therefore
represent a confusion of test-relevant and test-irrelevant features of the action-effect episode.
Indeed, it is possible for the intended and observed consequences of an action to be confused

(Dewey & Carr, 2012). We (partially) accounted for this possibility in Experiment 2.
Experiment 2

In Experiment 2 we again investigated Hypotheses 1 and 2. While the experimental
procedure was very similar to the one of Experiment 1, we dissociated the spatial dimensions
of the action and the effect for incongruent trials. This was done to test the possibility that
differences in response retrieval between the congruent and incongruent condition in
Experiment 1 were driven by participants retrieving the visual effect’s movement direction
and adjusting their response to match that spatial direction (thus resulting in a response
alternation for spatially incongruent effects). For incongruent trials, the visual effect now
occurred on the vertical dimension on which the response options in the test phase did not
vary. Therefore, test responses in incongruent trials could no longer reflect the direction of
the effect (but note that they still could in the congruent condition). We further aimed to
increase recognition performance to increase the number of observations in the response
reproduction test. This was done by using better discriminable, colored, images and by

increasing their presentation duration.
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Methods
Participants

A new group of participants was recruited via Prolific (https://www.prolific.com) and
received a compensation of £3 for the approximately 20-minute experiment. They were
prescreened to speak English fluently and to have normal or corrected-to-normal vision and
no color vision deficiency. We further implemented a screening to test the suitability of the
participants’ technical setup to reduce the number of data exclusions due to technical
problems. Participants for which a box movement or an image during the screening were not
correctly displayed were discouraged from participating in the experiment. As in Experiment
1, we collected data from 300 participants (accommodating the target sample size of 250
participants and an oversampling rate of 20% to account for possible data exclusions). In
total, 32 participants were excluded due to experiencing technical problems (23, mostly
images not being properly displayed), exhibiting a biased selection of response keys
(responding “right” in more than 80% or less than 20% of trials) in the learning phase (4),
counterbalancing of stimuli across experimental conditions and responses not being possible
in the test phase (4), and exhibiting biased responding (identifying items as new in more
than 95% or less than 5% of trials) in the recognition test (1). The final sample thus
consisted of 268 participants (Mage = 32.09, SD 44 = 10.94, 135 women, 131 men, 2

non-binary, 226 right-handed, 38 left-handed, 4 ambidextrous).
Design

The experiment again employed a one-factorial (congruency condition: congruent
vs. incongruent) within-subjects design. In the congruent condition, the box moved into the

horizontal direction indicated by the participant’s key press. In the incongruent condition it

moved in the vertical direction.


https://www.prolific.com
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Stimuli

Stimuli were 180 color images of objects taken from the THINGSplus database
(Hebart et al., 2019; Stoinski et al., 2024). They were selected to have typicality scores larger
than .5 (can take values between 0 and 1), mean arousal ratings between 3.5 and 4.5 (rated
on a Likert scale ranging from 1 to 7), and mean concreteness ratings larger than 4 (rated on
a Likert scale ranging from 1 to 5), and then removing stimuli that were perceptually very
similar to others in the set. An additional five images served as practice stimuli. Stimuli

were resized to have the same dimensions.
Procedure and Data Analysis

The procedure was identical to the one of Experiment 1 with the following exceptions:
In incongruent trials in the learning phase, the box moved on the vertical dimension (up or
down, randomly determined) instead of in the horizontal direction opposite to the
participant’s key press (see Figure 2). In addition, the presentation duration of images was
increased from 1.5 s to 2 s. Data analysis was identical to Experiment 1. Again, participants
generally adhered to the instruction of using both keys approximately equally often in the

learning phase, as the average proportion of pressing the right key was M = .51 (SD = .05).
Results and Discussion

For the recognition test, average d’, HR, and FAR are reported in Table 1. A
one-tailed Bayesian paired-samples t-test yielded a BF of 9.61 in favor of larger d’ values in
the congruent than in the incongruent condition (AM = 0.03, d = 0.08, 95% CI = [-0.04,
0.20]). This suggests better recognition performance in the congruent than in the
incongruent condition, thus supporting Hypothesis 1.

For the response reproduction test, average d’, HR, and FAR are reported in Table 1.
A one-tailed Bayesian paired-samples t-test yielded a BF of 7.56 x 10'° in favor of larger d’
values in the congruent than in the incongruent condition (AM = 0.59, d = 0.54, 95% CI =
[0.41, 0.67]). This suggests higher rates of response repetitions in the congruent than in the

incongruent condition, supporting Hypothesis 2. In addition, two-tailed Bayesian one-sample
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t-tests against zero yielded a BF of 3.12 x 10%* (d = 0.73, 95% CI = [0.60, 0.86]) for the
congruent condition and a BF of 0.11 (d = 0.06, 95% CI = [-0.06, 0.18]) for the incongruent
condition, suggesting d’ values to substantially differ from zero in the congruent but not in
the incongruent condition. In the congruent condition, they were larger than zero, (possibly)
suggesting action-effect binding. Alternatively, however, participants may again have
retrieved spatial effect features and subsequently adjusted their response to be in line with
the spatial effect direction in the congruent condition. Given that d’ values did not
substantially differ from zero in the incongruent condition, this suggests the absence of any

action-effect binding in this condition.
Intermediate Discussion

In Experiments 1 and 2, we found congruency between an action and an ensuing
spatial effect to facilitate memory for effect content, supporting Hypothesis 1 and being
consistent with previous findings (Hon & Yeo, 2021; Schreiner, Feustel, et al., 2025),
although the effect tended to be small, especially in Experiment 2. We further found retrieval
of the action upon re-presentation of the effect content to be facilitated by congruency
between action and effect during learning in both experiments, supporting Hypothesis 2.

Furthermore, we found no indication for action-content binding in the incongruent
condition in both experiments. In Experiment 1, participants exhibited a negative sensitivity
index in the response reproduction test, suggesting that they tended to retrieve the effect
direction and select their test response to match the retrieved direction. This would reflect
binding between different effect features (content and direction) rather than action-effect
binding. Experiment 2 provides further support for this notion. Here, the spatial dimension
of the action and effect were dissociated in the incongruent condition and a response
repetition could thus only reflect retrieval of the action, but not retrieval of the effect
direction. Participants exhibited no substantial sensitivity in the response reproduction test,
but the index was also not negative. This indicates the absence of action-effect binding and,

given that the sensitivity index was no longer negative, suggests that the results in
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Experiment 1 may indeed reflect binding between different effect features, which was
prevented in the incongruent condition of Experiment 2. Interestingly, this may imply that
the cognitive system generally “believes” that it had produced a given effect through a
compatible action. As the notion of action-effect compatibility is strongly based on the
previous learning history, this may generally be an adaptive heuristic, at least in fairly stable
environments in which the previous learning history is highly informative for future events.
However, in the congruent condition, results could still reflect either retrieval of the action
through effect content (reflecting binding of action and effect content) or retrieval of effect
movement direction (reflecting binding between effect content and effect direction), as both
would result in the same test response. Therefore, the difference in response retrieval
between the congruent and incongruent condition could be driven by either action or effect
retrieval, or a mixture of both, with either of these retrieval processes possibly being
facilitated by action-effect congruency. In Experiment 3, we aimed to address this issue by
manipulating congruency between the effect and one action dimension, and later testing

retrieval of another action dimension.
Experiment 3

In Experiment 3 we once again investigated Hypotheses 1 and 2, but aimed to
eliminate the possibility that bindings between effect direction and effect content
(effect-effect binding) influence the results. In the learning phase, participants had to press a
left and right key with the index fingers of their left and right hand (the effectors) and could
decide on the box movement by then pressing an upper or lower key with one of their index
fingers (the direction). The box then again moved congruently or incongruently to the
selected direction. In the response retrieval task in the test phase, we asked participants to
press a key according to the effector with which they produced the presented effect content.
Therefore, retrieval of effect features (e.g., effect direction) did no longer help in selecting a
response in the test phase, as it could have been achieved equally likely with both effectors.

In addition, we implemented the response reproduction test also after items participants
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identified as "new”. In Experiment 2, choosing “new” for an item had skipped the response
reproduction test, which let participants advance through the experiment faster, and may

thus have created a bias towards choosing "new”.
Methods
Participants

A new group of participants was recruited via Prolific (https://www.prolific.com) and
received a compensation of £3.45 for the approximately 23-minute experiment. They were
prescreened to speak English fluently and to have normal or corrected-to-normal vision and
no color vision deficiency. We again implemented a screening to test the suitability of the
participants’ technical setup to reduce the number of data exclusions due to technical
problems. To yield reliable parameter estimates for the hierarchical Bayesian multinomial
processing tree model originally used to analyze the data (cf. the simulated sensitivity
analysis described in the online supplemental materials), 280 participants were necessary.
This target sample size also provides high sensitivity for the ultimately conducted Bayesian
paired-samples t-test. This was again confirmed in a post-hoc simulated sensitivity analysis,
which showed that, using a Bayes factor of 3 as the criterion (one-tailed testing), this sample
size allows to detect a small effect (d = 0.15) with a sensitivity of 96.4%. To account for
possible data exclusions, we collected data from 337 participants. In total, 65 participants
were excluded due to experiencing technical problems (14, mostly delayed display of images
or unresponsive keys), reporting interruptions or not following instructions properly (2),
exhibiting a biased selection of effectors (responding with the right hand in more than 80%
or less than 20% of trials) in the learning phase (32), counterbalancing of stimuli across
experimental conditions and effectors not being possible in the test phase (15), exhibiting
biased responding (identifying items as new in more than 95% or less than 5% of trials) in
the recognition test (1), and always selecting the same response in the response reproduction
test (1). The final sample thus consisted of 272 participants (Mage = 33.04, SD 44 = 12.05,

133 women, 133 men, 6 non-binary, 236 right-handed, 27 left-handed, 9 ambidextrous).
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Design and Stimuli
The experiment’s design and the stimuli used were identical to Experiment 2.
Procedure

The procedure was largely similar to the one of Experiments 1 and 2. However, in the
learning phase, participants had to first press and keep pressed two “rest keys” upon
appearance of a fixation cross: the D key with their left index finger and the K key with
their right index finger (the effectors). Once both keys were pressed, a white box appeared in
the center of the screen and participants could indicate whether the box should move
upwards, by pressing the R key with their left finger or the I key with their right finger (i.e.,
by moving the finger upwards), or downwards, by pressing the C key with their left finger or
the M key with their right finger (i.e., by moving the finger downwards). Participants were
instructed to use both effectors (i.e., fingers) approximately equally often across the different
trials. They generally adhered to this instruction, as the average proportion of pressing a
right key was M = .52 (SD = .08). The procedure is shown in Figure 3. During the practice
trials, an instructional image was presented below the white box to facilitate understanding
of the instructions. The box then moved spatially congruent into the direction of the
participant’s key press (congruent condition) or in the opposite direction (incongruent
condition). Therefore, there were two action features in this experiment: the effector used to
press a key (left or right index finger) and the selected direction (upper or lower key press by
moving one of the effectors up- or downwards). Thus, action-effect congruency was only
manipulated for the direction action feature, but not for the effector action feature. In all
other aspects, the learning phase was identical to Experiment 2.

In the test phase, participants again conducted an old/new recognition test and a
response reproduction test. For the recognition test, they should indicate whether an image
was old, by pressing the S key with the middle finger of their left hand, or whether it was
new, by pressing the L key with the middle finger of their right hand (response options were

presented on the screen). For the response reproduction test, participants should press the D
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Figure 3
Ezperimental Procedure for Experiments 3 and 4

Experiment 3

Learning Phase

Congruent Condition

AR] [T 500 ms
Q-@ IK‘-’ (—@ or IK‘-’ )
IE Incongruent Condition

400 ms 2s

Test Phase

Indicate with which hand

Is this image old or new?
you produced this image.

500 ms % 500 ms

Experiment 4

Learning Phase

500 ms

Test Phase

Press the key you used to

Is this image old or new?
produce this image.

n

s,

.

If old selected

500 ms 500 ms

Note. The displayed color image was taken from the THINGSplus database (Stoinski et al., 2024).
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key with their left index finger if they previously produced the image with their left finger, or
the K key with their right index finger if they previously produced it with their right finger
(i.e., by pressing one of the two previous rest keys). In the practice trials, response options
were additionally presented on the screen for the response reproduction test. For the old/new
recognition test, participants should thus respond with keys adjacent to the two rest keys
from the learning phase, which were also the response keys for the response reproduction test.
This was done to make responding in the two tasks easier for the participants, as they did
not have to switch between mouse clicks and key presses. In addition, we implemented the
response reproduction test irrespective of whether participants selected an image as being
old or new. However, participants were instructed to randomly press a key in the response
reproduction test if they thought an image was new. There was further an interval of 500 ms
during which a blank screen was shown between the recognition and response reproduction
test to reduce the influence of possible effector priming effects due to responding with a
certain hand in the recognition test. Because the direction action feature, which overlapped
with the subsequent effect direction, was task irrelevant in the response reproduction test,
retrieving effect features and adjusting the response in the test could not affect performance.
This is because, if participants retrieved having observed an up- or downwards effect in the
learning phase for a presented image, this effect could have been produced by either effector.

In all other aspects, the test phase was identical to Experiment 2.
Data analysis

Data analysis was identical to Experiment 1 and 2. Note that, even though we
implemented the response reproduction test also after new responses in the recognition test,
we still only consider trials in the response reproduction test for detected old objects in the

recognition test for the main analysis.
Results and Discussion

For the recognition test, average d’, HR, and FAR are reported in Table 1. A

one-tailed Bayesian paired-samples t-test yielded a BF of 15.61 in favor of larger d’ values in
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the congruent than in the incongruent condition (AM = 0.03, d = 0.09, 95% CI = [-0.02,
0.21]). This suggests better recognition performance in the congruent than in the
incongruent condition, thus supporting Hypothesis 1.

For the response reproduction test, average d’, HR, and FAR are reported in Table 1.
A one-tailed Bayesian paired-samples t-test yielded a BF of 7.15 in favor of larger d’ values
in the congruent than in the incongruent condition (AM = 0.06, d = 0.07, 95% CI = [-0.05,
0.19]). This suggests higher rates of response repetitions in the congruent than in the
incongruent condition, supporting Hypothesis 2. In addition, two-tailed Bayesian one-sample
t-tests against zero yielded a BF of 1.98 (d = 0.16, 95% CI = [0.04, 0.28]) for the congruent
condition and a BF of 0.11 (d = 0.06, 95% CI = [-0.06, 0.18]) for the incongruent condition,
suggesting d’ values to not significantly differ from zero in the incongruent condition whereas
evidence in the congruent condition was ambiguous.® This suggests the absence of any
action-content binding in the incongruent condition, which is in line with findings from
Experiment 2. In the congruent condition, the presence or absence of action-content binding
could not be clearly determined, although descriptively the results point towards some weak
action-content binding in this condition.” Notably, participants were not to reproduce the
exact same action as in the learning phase, but were only to respond with the same effector
by pressing one of the two rest keys from the learning phase. These may not be ideal
conditions to observe action-content binding, as the action at test is not identical to the
action during learning, especially if such bindings are rather weak after one-shot learning, as

it appears. We revisit the question of action-content binding in Experiment 4.

6 When additionally considering responses for undetected old objects, there was ambiguous evidence for
higher d’ values in the congruent than in the incongruent condition, and evidence against d’ values to differ
from zero in both the congruent and incongruent condition. This implies that retrieval of the action in the
congruent condition may only occur if the effect content is recognized. However, note that participants were
instructed to respond randomly if they thought that an object was new.

" Note also that the sensitivity of the (two-tailed) Bayesian one-sample ¢-test is much lower than that of the
paired-samples t-test. Given the target sample size of 280 participants in Experiment 3, the sensitivity is
only 39% for detecting a small effect (d = 0.15) when using a BF of 3 as the criterion, as revealed in a
post-hoc simulated sensitivity analysis.
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Experiment 4

In Experiment 4 we further investigated the possibility of long-term bindings between
actions and the content of ensuing effects, using a simplified experimental paradigm.
Participants could produce an image with one out of two possible key presses. Crucially,
there was no spatial dimension associated with the effect and the effect location was identical
for either key press. Therefore, response repetitions in the test phase could not be the result
of the retrieval of a spatial effect feature associated with the effect content. However,
participants again were to reproduce the same action at test as in the learning phase (unlike
in Experiment 3). Congruency was not manipulated in Experiment 4. Therefore, Hypotheses
1 and 2 could not be tested, but the experiment instead served to more directly probe the

possibility of long-term action-effect bindings.
Methods
Participants

A new group of participants was recruited via Prolific (https://www.prolific.com) and
received a compensation of £3 for the approximately 20-minute experiment. They were
prescreened to speak English fluently and to have normal or corrected-to-normal vision and
no color vision deficiency. We again implemented a screening to test the suitability of the
participants’ technical setup. To reliability test for action-content binding in the originally
conducted aggregated multinomial processing tree model (cf. the power analysis conducted
in multiTree, Moshagen, 2010, described in the online supplemental materials) and to yield
reliable parameter estimates for the hierarchical Bayesian multinomial processing tree model
analysis (cf. the simulated sensitivity analysis described in the online supplemental
materials), 179 participants took part in the study. This included the actual target sample
size of 149 participants as well as on oversampling rate of 20% to account for possible data
exclusions, as in previous experiments. It should be noted that the target sample size
provides only low sensitivity for the ultimately conducted Bayesian one-sample ¢-test. This

was found in a post-hoc simulated sensitivity analysis, which showed that, using a Bayes
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factor of 3 as the criterion (two-tailed testing), this sample size allows to detect a small effect
(d = 0.15) with a sensitivity of only 19.7%. In total, 13 participants were excluded due to
data not being transmitted because of a technical error (1), due to experiencing technical
problems (6, mostly delayed display of images), exhibiting a biased selection of response keys
(responding “right” in more than 80% or less than 20% of trials) in the learning phase (4),
and exhibiting no variability in response selection in the response reproduction test (2). The
final sample thus consisted of 165 participants (Mage = 34.02, SD 44 = 10.48, 82 women, 83

men, 147 right-handed, 15 left-handed, 3 ambidextrous).
Stimuli and Procedure

Stimuli were identical to Experiments 2 and 3. The procedure was also identical to
the one of Experiment 2 with the following exceptions: There was no longer a manipulation
of congruency and after participants pressed a key in the learning phase, an image
immediately appeared inside the box in the screen center for 2 s (see Figure 3). There was
thus no spatial dimension associated with the effect (the box did not move and the image
always appeared in the same position) and the effect was the same no matter which key
participants pressed. Again, participants generally adhered to the instruction of using both
keys approximately equally often in the learning phase, as the average proportion of pressing
the right key was M = .51 (SD = .05). For the test phase, 60 images were randomly drawn
from the ones presented in the learning phase, counterbalanced across the two response
options (left and right), resulting in 30 old images per response. If this counterbalancing was
not possible, the drawing was fully randomized and these participants were flagged and

excluded from the analyses.
Data Analysis

We calculated the sensitivity index d’ for the recognition and the response
reproduction test as in the previous experiments. However, there was now only one condition,
and thus only one d’ value was calculated per participant and test. We then tested for

action-content binding by testing whether d’ for the response reproduction test differed from
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zero using a two-tailed Bayesian one-sample t-test against zero (cf. previous experiments).
Results and Discussion

For the recognition test, average d’, HR, and FAR are reported in Table 1. The high
average d’ value indicates an overall very good performance in the recognition test. For the
response reproduction test, average d’, HR, and FAR are reported in Table 1. The two-tailed
Bayesian one-sample t-test against zero yielded a BF of 103.97 (d = 0.30, 95% CI = [0.15,
0.46]), suggesting d’ values to substantially differ from zero. This provides evidence for
action-content binding. In Experiment 4 we thus found evidence for long-term binding
between an action and the content of an ensuing effect, even though the statistical effect, in

terms of sensitivity indicated by d’, was rather small in magnitude.
General Discussion

In the current research we investigated whether control (here operationalized as
spatial congruency between an action and an ensuing effect) facilitates (i) declarative
memory for effect content and (ii) long-term binding between actions and the content of
their effects. Regarding question (i) we consistently observed better recognition performance
for images that were part of an effect event spatially congruent to participants’ actions than
for images that were part of an effect event spatially incongruent to participants’ actions in
Experiments 1-3 (see Table 2 for an overview of the results of the recognition test across
experiments). This is in line with previous findings regarding the influence of action-effect
congruency on memory (Hon & Yeo, 2021; Schreiner, Feustel, et al., 2025; but see Tsuji &
Imaizumi, 2022). We further extend on previous findings by demonstrating that this
observation can also emerge when using an intentional (instead of an incidental) memory
test, rendering the effect content task relevant. While the statistical effects tended to be
small, especially in Experiments 2 and 3, the results consistently pointed towards a
facilitating effect of action-effect congruency on memory for the effect content, and against

an impairing effect.
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Table 2
Overview of the Results of the Recognition Test Across Fxperiments

Experiment  Condition M(SD) AM d [95% CI] BF
congruent  1.10 (0.82)

1 0.08 0.22[0.09, 0.35] 2.70 x10?
incongruent 1.02 (0.79)
congruent  1.83 (1.08)

2 0.03 0.08 [-0.04, 0.20] 9.61
incongruent 1.80 (1.08)
congruent  1.55 (1.00)

3 0.03  0.09 [-0.02, 0.21] 15.61
incongruent 1.51 (0.97)

4 2.24 (0.99)

Notes. Mean(M) and standard deviation (SD) of d’ values, mean difference in

d’ values between congruency conditions (AM), Cohen’s d for the difference

with 95% confidence interval, and the Bayes factor in favor of larger d” values in

the congruent than in the incongruent condition (BF). Note that action-effect

congruency was not manipulated in Experiment 4.
672 These results are thus inconsistent with accounts suggesting impaired memory for
ez congruent compared to incongruent action-effect episodes due to, for example, incongruent
s episodes constituting an expectation violation and thus attracting attention (Chen et al.,
s 2023; Greve et al., 2017) or congruent episodes becoming subject to sensory attenuation
e (Hughes et al., 2013). Conversely, this leaves explanations for a possible facilitatory impact
7 of control, such as allocation of attention to compatible action effects (Huffman &
es  Brockmole, 2020; Pfeuffer et al., 2016; Vilanova-Goldstein et al., 2022; Wen & Haggard,
0 2018), stronger self-relevance of such effects (Jacoby, 1978; Kim & Johnson, 2012; Slamecka
0 & Graf, 1978) or mismatching event files during action effect production and action-effect

1 monitoring (Schreiner, Feustel, et al., 2025) intact.
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Regarding question (ii) we found evidence for long-term binding (lasting here several
minutes) between action and effect content even after single encounters of an action-effect
episode (see Table 3 for an overview of the results of the response reproduction test across
experiments). This evidence was unambiguously found in Experiment 4, in which effect
content was the only feature that distinguished possible action effects. Yet, when another
effect feature was introduced, such that effects occurred in locations that were spatially
congruent or incongruent to their causing actions, we only obtained evidence for such
bindings if effects were spatially congruent rather than incongruent to the action
(Experiments 1-3, though note the ambiguous evidence in the congruent condition of
Experiment 3). Yet, a similar pattern as observed in Experiments 1 and 2 would emerge if
the content of an effect was bound to its spatial features during learning, and participants
tended to respond to the effect content in a manner spatially compatible to the spatial effect
feature during testing. This conclusion is in fact supported by Experiment 3, in which
spatial action-effect congruency varied only during learning, while the possibility to respond
spatially compatibly to effect content during testing was removed. Still though, an influence
of action-effect congruency on action-effect binding was observed, at least for detected old
effect contents (see also Mocke et al., 2025, for short-term modulations of action-effect

binding by action-effect congruency).
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Table 3
Overview of the Results of the Response Reproduction Test Across Fxperiments
Experiment  Condition M(SD) d [95% CI] BF AM d [95% CI] BF
congruent 0.49 (0.74) 0.66 [0.52, 0.80] 4.90 x10%7
1 0.97  0.79 [0.64, 0.93] 3.87 x10*!
incongruent -0.48 (0.81) -0.59 [-0.73, -0.46] 3.86 x10'4
congruent 0.63 (0.87) 0.73 [0.60, 0.86] 3.12 x10%
2 0.59  0.54 [0.41, 0.67] 7.56 x10'°
incongruent  0.04 (0.67) 0.06 [-0.06 0.18] 0.11
congruent 0.09 (0.56) 0.16 [0.04, 0.28] 1.98
3 0.06 0.07 [-0.05, 0.19] 7.15
incongruent  0.03 (0.57) 0.06 [-0.06 0.18] 0.11
4 0.16 (0.52)  0.30 [0.15, 0.46] 103.97

Notes. Mean(M) and standard deviation (SD) of d” values, Cohen’s d for the deviation from zero

with 95% confidence interval, the Bayes factor in favor of d’ values unequal zero (BF), mean difference

in d’ values between congruency conditions (AM), Cohen’s d for the difference with 95% confidence

interval, and the Bayes factor in favor of larger d’ values in the congruent than in the incongruent

condition (BF). Note that action-effect congruency was not manipulated in Experiment 4.

A possible explanation for the effect of action-effect congruency on action-effect

binding, besides matching or mismatching event files during action-effect production and

monitoring (Schreiner, Feustel, et al., 2025), could be affect-related modulations of attention.

Experiencing control is associated with positive affect (Leotti & Delgado, 2011, 2014; Reis et

al., 2023), and action-effect congruency is strongly associated with control experience (Ebert

& Wegner, 2010; Liesner et al., 2020; Schreiner, Feustel, et al., 2025), whereas incongruency

may be associated with negative affect due to perceived conflict (Aarts et al., 2013;

Dreisbach & Fischer, 2012). Positive affect broadens attention (Fredrickson, 2001; Grol et al.,

2014; Rowe et al., 2007), whereas negative affect narrows it (Easterbrook, 1959; Finucane,

2011; Van Steenbergen et al., 2011). Indeed, negative emotional content has been shown to

impair the formations of associations in memory (Bisby et al., 2016, 2018). Therefore,

negative affect possibly induced by incongruent action-effect episodes (or low experienced

control more generally) may impair feature binding (cf. Schépper et al., 2023). Positive
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affect possibly induced by congruent action-effect episodes (or high experienced control more
generally), on the other hand, may facilitate feature binding.

Altogether the observed data pattern suggests that long-term binding between
actions and the content of their effects can arise even after single action-effect episodes. This
expands previous evidence for such episodic bindings which have been assumed to last only
short time intervals (e.g., Dutzi & Hommel, 2009; Hommel, 2004; Moeller et al., 2016;
Moeller & Frings, 2022; Pastotter et al., 2021). Yet, once another (spatial) feature
distinguishes these effects, effect content becomes bound to that spatial effect feature to a
stronger extent than to the motor activity which had produced it (see also Schreiner, Mocke,
et al., 2025). We consider this an important observation as it points to limitations of feature
binding in the creation of action-effect episodes. Similar limitations have been observed
before with short retention intervals. For example, when participants produce
stimulus-action-effect episodes, the later presentation of the stimulus retrieves the
corresponding action of that episode, and so does the later presentation of the effect of the
episode. Yet, presenting stimulus and effect concurrently does not retrieve that action any
stronger than presenting each of the individual entities alone (Moeller et al., 2019). This
suggests that the responses become bound to the stimulus or to its effect, but not both
concurrently. The same reasons that apply to this observation might apply to the binding
asymmetry observed in the present study. Specifically, the effect content in the present study
(image identity) was temporally closer to the spatial effect movement than to the motor
activity which had produced both. This suggests a modulation of feature binding by
temporal contiguity. Bindings between features that co-occur closer in time tend to be
stronger than bindings between features that are more temporarily spread out (cf. Mondor
& Leboe, 2008; Schwarz et al., 2018). Possibly, only features that occur within a temporal
binding window become bound into a (then rather stable) episodic representation at all.

An important characteristic of the current research is that we only asked participants

to reproduce the action through which they previously produced an effect content if they
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indicated having recognized said content, that is, for detected old objects (except for
Experiment 3). Therefore, explicit memory processes may have played a stronger role than if,
for example, we had used a more indirect test in which participants are simply asked to
respond to the presented effect content without direct instructions to reproduce the earlier
action (see Schreiner, Mocke, et al., 2025). While it is conceivable that memory for
action-effect relations can be acquired automatically (cf. Hommel et al., 2001; Kunde, 2004),
without conscious awareness of the action-effect episode, we previously did not find evidence
for action-content binding after accounting for binding between effect content and spatial
effect features when using such a more indirect test (Schreiner, Mocke, et al., 2025). This is
in line with recent evidence suggesting that the early learning of action-effect relations is
primarily supported by explicit memory (Schreiner & Kunde, 2025).

To summarize, control may facilitate binding between action and effect features.
These bindings persist over longer time periods, even after only a single encounter of an
action-effect episode. They may therefore be considered proper associations in long-term
memory. In that sense, they may be similar to binding processes in episodic memory
(Eichenbaum, 1999; Horner et al., 2015; Horner & Burgess, 2013; Schreiner et al., 2023;
Tulving, 1983). We propose that these bindings may be conceptualized as a type of source
memory. Source memory refers to memory about contextual conditions under which a
memory was acquired (Johnson et al., 1993) and involves the binding of source features to
stimuli (Boywitt & Meiser, 2012; Meiser & Broder, 2002; Starns & Hicks, 2005, 2008; see
Kuhlmann et al., 2021 for a review). In the context of the current research, the selected
action and effect features, such as movement direction and location, may be bound to the
stimulus (which here was the content of the effect) and may therefore be considered source
features. This likely involves two monitoring processes: action monitoring, that is,
monitoring of the specific motor activity that was used to produce an effect (this may also
involve monitoring of the source of an action such as a monitoring whether an action was

produced by the self or by other factors) and effect monitoring, that is, monitoring of the
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perceptual outcomes of an action. Especially effect monitoring can be easily implemented
into a source memory framework, as, for example, stimulus location is commonly used as a
source feature in research on source memory (e.g., Meiser & Broder, 2002; Starns & Hicks,
2005, 2008). In such a source memory framework, the previously discussed confusion of
intended and observed action outcomes can be construed as a source confusion (Brown et al.,
1977; Loftus et al., 1978; Mitchell & Johnson, 2009), confusing task-relevant action source
features and task-irrelevant effect source features. If both types of features are retrieved,

they may compete for response selection in the case of incongruent action-effect episodes.
Conclusion

We demonstrate that actions and the content of their ensuing effects are bound
together in a durable manner even after one such action-effect episode, so that perceiving
that content later retrieves the action that had produced it before. Making actions and
effects spatially congruent to each other facilitates such retrieval, possibly also because effect
content is also linked to spatial features which prompt exactly the spatially compatible
actions which produced that content. Conversely, making actions and effects spatially
incompatible to each other possibly countermands action retrieval, as effect content is linked
to spatial features which may prompt another (compatible) action than the one that had
actually caused that content. Moreover, spatial congruency between actions and effects
fosters memory for the content of these effects. Therefore, control may facilitate both
memory for the consequences of our actions, as well as for the motor activities that bring
these consequences about. This property of our memory system may enable us to learn how

to manipulate our environment to reliably cause intended outcomes.
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