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Abstract
Adult humans experience agencywhen their action causes certain events (sense of agency).Moreover, they can later remember
what these events were (memory). Here, we investigate how the relationship between actions and events shapes agency experi-
ence andmemory for the corresponding events. Participants performed actions that produced stimuli that were either congruent
or incongruent to the action while memory of these stimuli was probed in a recognition test. Additionally, predictability of
the effect was manipulated in Experiment 1 by using either randomly interleaved or blocked ordering of action-congruent and
action-incongruent events. In Experiment 2, the size of the action space was manipulated by allowing participants to choose
between three or six possible responses. The results indicated a heightened sense of agency following congruent compared to
incongruent trials, with this effect being increased given a larger available action space, as well as a greater sense of agency
given higher predictability of the effect. Recognition memory was better for stimuli presented in congruent compared to
incongruent trials, with no discernible effects of effect predictability or the size of the action space. The results point towards
a joint influence of predictive and postdictive processes on agency experience and suggest a link between control and memory.
The partial dissociation of influences on agency experience and memory cast doubt on a mediating role of agency experience
on the relationship between action-effect congruency and memory. Theoretical accounts for this relationship are discussed.

Keywords Action control · Sense of agency · Memory · Recognition

Through actions, agents cause subsequent effects in their
environment, of which many are predictable from previ-
ous experience. For example, if one pushes a glass across
a table, one would expect that the distance of the glass to
oneself increases. However, much of an agent’s environment
lies in an uncontrollable state, such that an agent’s actions
have no bearing on the environmental outcomes. A sense of
agency (SoA) allows us to distinguish between environmen-
tal changes that are caused by the self from those that are
not. The SoA is the experience of controlling environmental
outcomes through one’s actions (Haggard, 2017; Haggard &
Tsakiris, 2009). It has been suggested that a SoA emerges
when an action outcome predicted by a motor command
(Blakemore & Frith, 2003; Frith, 2005; Haggard, 2017) or an
agent’s perceptual goal (Niziolek et al., 2013; Verschoor &
Hommel, 2017) matches the environmental outcome. This
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predictive component of the SoA occurs before the action
(Haggard, 2017) and is facilitated by increased predictabil-
ity of effects (Liesner et al., 2020; Ma et al., 2019) and action
selection fluency (Chambon et al., 2014;Wenke et al., 2010).

Besides this predictive component of the SoA (Beck et al.,
2017; Schwarz et al., 2018, 2022), agents can also experience
SoA for outcomes they did not predict (e.g., Ramachan-
dran & Rogers-Ramachandran, 1997), and this may foster
the acquisition of novel action-effect contingencies. Thus,
there is likely also a postdictive component to the SoA, such
that agents employ explicit reasoning processes to determine
whether their action caused an effect in the environment
(Liesner et al., 2020; Synofzik et al., 2008; Wegner, 2003;
Wegner & Wheatley, 1999). Postdictive SoA experience is
shaped by various factors. One factor doing so is the congru-
ency between action and effect. For example, in a study by
Ebert andWegner (2010), participants moved a joystick back
and forth, which triggered either a back or a forth movement
of a picture on a screen. The ensuingmovement of the picture
varied from trial to trial, and was thus unpredictable prior to
moving the joystick. Still, participants showed higher lev-
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els of SoA when the movement of the picture was spatially
congruent to the movement of the joystick (e.g., forward
movement of the joystick producing a forward movement
of the picture) than when it was not (e.g., forward movement
of the joystick producing a backwards movement of the pic-
ture). Thus, although picture movements were objectively
unpredictable in the experimental context, SoA was never-
theless higher with spatial congruency of action and picture
movement. Therefore, this influence of action-effect congru-
ency can be said to be postdictive, in the sense that it could
not rest on predictions possible in the particular experimen-
tal context, while perhaps still expressing pre-experimentally
established knowledge of how hands and objects typically
move (e.g., pushing objects typically moves them away). In
addition, SoA tends to be higher if agents can freely choose
an action than when they are instructed on which to choose
(Barlas & Obhi, 2013; Borhani et al., 2017; Sebanz & Lack-
ner, 2007; Sidarus et al., 2017; Villa et al., 2021), although
this may not always be the case and may depend on the task
and measurement of SoA (Schwarz et al., 2019). Further-
more, SoA increases with an increasing number of possible
actions which the agent can choose from Barlas et al. (2017);
Barlas and Kopp (2018); Barlas and Obhi (2013).

Actions and control are also related to memory. For exam-
ple, the physical enactment of an event leads to bettermemory
than merely reading instructions (i.e., the enactment effect,
Engelkamp, 1986; Roberts et al., 2022). Being an actor rather
than an observer in an episode also causes participants to
exhibit stronger hippocampal reactions to expectation vio-
lations (Jainta et al., 2022). Even simple key-press actions
can lead to enhanced recognition memory in a Go/No-Go
task (Chiu & Egner, 2015; Yebra et al., 2019). Being able
to exert control during an event also improves memory. In
a study by Ruiz et al. (2023), characters were contestants
in a game show and had to select one out of three doors to
win a prize. Participants could either choose the door for
the contestant themselves (i.e., were able to exert control)
or they were instructed to choose a specific door. Memory
for contestants, associations between contestants and doors,
and associations between contestants and prizes was better
if participants could exert control over the event. In addition,
being able to exert control over learning content can improve
memory, as demonstrated by better memory for items that
participants generated themselves compared to items they
only read (i.e., the generation effect, Jacoby, 1978; Slamecka
& Graf, 1978).

It has further been suggested that memory is better for
stimuli associated with a stronger SoA as a result of spatial
congruency and temporal contiguity between an action and
its effect (Hon &Yeo, 2021). In this study, participants made
self-decided and -initiated up or down arrow key presses to
move a box. After the box stopped moving, a word appeared
inside of it and participants subsequently rated their SoA

over the box movement. The spatial congruency and tem-
poral contiguity of the action and the box movement were
manipulated by making the box move either in the direction
of the key press or in the opposite direction and by initiating
the movement after a delay of either 100 or 900 ms after the
action. While both spatial congruency and temporal contigu-
ity yielded a higher SoA, they also yielded better memory
(hit rates) for the presented words in a later recognition test.
However, Tsuji and Imaizumi (2022) conducted a similar
study, but could only replicate the effect of spatial congru-
ency on the SoA, but not the effect of spatial congruency or
SoA on memory. Thus, the robustness of this effect remains
unclear.

In the current research, we aim to investigate how con-
gruency between an action and ensuing perceptual changes
in the environment shape the SoA and memory for the pro-
duced event. We thereby aim to replicate the findings by Hon
and Yeo (2021) and extend them in several aspects by dis-
tinguishing between predictive and postdictive components
of the SoA and investigating influences of the size of the
available action space (i.e., the number of possible actions).

Experiment 1

In Experiment 1, we aimed to replicate the effect of action-
effect congruency on SoA and recognition memory as found
by Hon and Yeo (2021), while extending the investigation
to differentiate between different contributions of predic-
tive and postdictive components of the SoA, and to consider
effects of changes in control. Closely following the procedure
by Hon and Yeo (2021), participants’ up or down key presses
moved a box in an either spatially congruent or incongru-
ent direction (congruency condition). After the box stopped
moving, a word appeared inside the box and these words
were later tested in an old/new recognition test. We only
used a short delay of 100 ms for the onset of the box move-
ment, thus not considering temporal action-effect contiguity.
In addition,we varied the predictability of the boxmovement,
by either ordering congruent and incongruent trials randomly
or blocking them, such that there was one block with congru-
ent and one block with incongruent trials (order condition).
Thus, the blocked order condition created a high predictive
environment, in which the box’s movement was highly pre-
dictable, whereas the random order condition created a low
predictive environment, in which the box’s movement was
unpredictable.

First, we expected the SoA to be higher for stimuli asso-
ciated with an effect congruent to the action than for stimuli
associated with an effect incongruent to the action (Hypothe-
sis 1), as has been repeatedly found in previous studies (Hon
& Yeo, 2021; Liesner et al., 2020; Tsuji & Imaizumi, 2022).
Second, we expected this to also be the case for recognition
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memory (Hypothesis 2), as found by Hon and Yeo (2021).
Third, if the effect of action-effect congruency on recognition
memory is primarily mediated by the predictive component
of the SoA, it should be stronger when the effect is pre-
dictable from the task structure (i.e., in the blocked order
condition). However, if the effect is primarily mediated by
the postdictive component of the SoA, it should emerge no
matter whether the effect is predictable in the current context
or not (i.e., in both the random and blocked order conditions,
Hypothesis 3). Fourth, we investigated whether the influence
of action-effect congruency on recognition memory is sen-
sitive to changes in control (Hypothesis 4), which we report
in Appendix A. The experiment’s design, hypotheses, and
analysis plan were preregistered at https://doi.org/10.17605/
OSF.IO/SF6JE.

Methods

Participants

Participants were recruited from the participant pool of the
University of Würzburg and received a compensation of 5C.
They were prescreened to be native German speakers and to
have normal or corrected-to-normal vision. An a priori power
analysis using G*Power 3.1 (Faul et al., 2009) for detecting
effects of congruency condition within the two order condi-
tions (Hypotheses 1–3) given a moderate effect size (f = .25)
with 90% power yielded a desired sample size of 46 partic-
ipants. However, an a priori power simulation using the R
package simr (version 1.0.7, Green & MacLeod, 2016) for
testing the effect of change in control (Hypothesis 4, two-
tailed testing) with 90% power based on data from a pilot
study (N = 20) yielded a desired sample size of 60 partici-
pants in the random order condition. Because we aimed for
an equal number of participants in the two order conditions,
we collected 60 participants per order condition, for a total
of 120 participants. Two participants had to be excluded.
One because they suggested their data should not be used
and another due to exhibiting a biased selection of response
keys in the learning phase (proportion of up key presses
greater than .8 or lower than .2, cf. Naefgen et al., 2018;
Tsuji & Imaizumi, 2022). This was done to screen out par-
ticipants with low effort responding and to ensure variability
in responses. Thus, the final sample consisted of 118 par-
ticipants (57 participants in the random order condition and
61 participants in the blocked order condition).1 The mean
age of participants was 28.0 years (SD = 10.3) in the ran-

1 Due to an experimenter error, one participant was accidentally
assigned to the blocked instead of the random order condition. Thirty-
one participants in the blocked order condition first conducted the
congruent block and 30 participants first conducted the incongruent
block.

dom order condition (38 female, 51 right-handed) and 25.4
years (SD = 8.1) in the blocked order condition (51 female,
56 right-handed, 1 ambidextrous).

Design

The experiment employed a 2 (congruency condition: con-
gruent vs. incongruent) × 2 (order condition: random
vs. blocked) mixed design, with congruency condition
beingmanipulated within-subjects and order condition being
manipulated between-subjects. In the congruent condition,
the box moved in the direction indicated by the participants’
key presses (e.g., up after an up arrow key press) and in the
incongruent condition, it moved in the opposite direction. In
the random order condition, congruency was manipulated on
a trial-by-trial basis (i.e., trial order was randomized) and in
the blocked order condition, it was manipulated in a blocked
manner, such that all congruent trials occurred before all
incongruent trials or vice versa. The order of the two blocks
(congruent or incongruent trials first) was counterbalanced
across participants. For an exploratory analysis of the effects
of block order see Appendix B.

Apparatus and stimuli

Participants sat in front of a 24-inch monitor with a res-
olution of 1920 px × 1080 px and a refresh rate of 100
Hz, with a viewing distance of approximately 60 cm. They
responded using a standard QWERTZ keyboard. The exper-
iment was implemented using OpenSesame 3.3.5 (Mathôt
et al., 2012). Stimuli were 120 German nouns taken from
the Berlin Affective Word List Reloaded (Võ et al., 2009).
Words were selected based on the following criteria: Neu-
tral emotional valence (mean ratings between -0.5 and 0.5
on a seven-point rating scale ranging from -3 to 3), mean
imaginability ratings between 2.5 and 5.5 (measured on a
seven-point rating scale ranging from 1 to 7), mean arousal
ratings smaller than 4 (measured on a five-point rating scale
ranging from 1 to 5), and same length of all words (five let-
ters). Of the remaining words, the three least and ten most
frequently used ones were excluded.

Procedure

The experimental procedure closely followed the one byHon
and Yeo (2021) (Experiment 2). Participants were randomly
assigned to the order conditions, such that they would be
equally distributed across conditions. The experiment con-
sisted of a learning phase and a test phase. In the learning
phase, participants were first presented with a fixation cross
for 500 ms and then a white box (width = 6◦, height = 3◦
when viewed from a distance of 60 cm) on a black back-
ground. They then made self-decided and -initiated up or
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down arrow key presses, but were instructed to avoid any
bias in the selection of response keys (specifically, to try
to use both keys approximately equally often across trials).
After a delay of 100 ms (the shorter delay condition in Hon
and Yeo (2021)), the box moved 5.14◦ upward or downward
for 400 ms, either in the direction of the key press (con-
gruent condition) or in the opposite direction (incongruent
condition). After the box stopped moving, a word (height =
0.75◦) appeared superimposed on the box for 500 ms. Par-
ticipants’ SoA over the box movement was then assessed by
asking them to rate how much they felt their key press to
have controlled the box’s movement. Responses were made
using a continuous slider ranging from 0 (no control) over
50 (unsure) to 100 (full control). Each trial was followed by
a 500-ms intertrial interval during which a blank screen was
shown. A schematic depiction of the learning phase is given
in Fig. 1. The learning phase consisted of 80 trials (40 per
congruency condition). Eighty words were randomly drawn
from the pool of 120 words and were randomly assigned to
the congruency conditions. The remaining 40 words served
as novel foils in the test phase. Before the learning phase, par-
ticipants conducted four learning trials (two per congruency
condition) in which the word “Wort” (“word” in German)
was shown to familiarize them with the task.

Directly after the learning phase, the test phase started,
during which participants conducted an incidental old/new
recognition memory test. Forty words (20 per congruency
condition) were randomly drawn from the ones used in the
learning phase. These were mixed with 40 novel foils. Thus,
the test phase consisted of 80 trials. Each trial consisted of
a 500-ms fixation cross followed by a word presented in the
screen center. Participants indicatedwhether they thought the
word was new (i.e., did not occur in the learning phase) by
pressing the Y key on the keyboard, or old (i.e., occurred in

the learning phase) by pressing theMkey. In the left and right
of the lower half of the screen, the words “neu” (“new” in
German) and “alt” (“old” inGerman)were presented to facil-
itate participants’ understanding of the correct key-response
mapping. Each trial was preceded by an intertrial interval
of 500 ms. The trial order was randomized. Before the test
phase, participants conducted three practice trials in which
the word “Wort” (“word” in German) was shown to famil-
iarize them with the task. After the test phase, participants
provided some demographic information and could specify
reasons that might warrant the exclusion of their data from
the analyses and give comments regarding the study. Finally,
they were thanked and debriefed.

Results

All analyses were conducted in R 4.3.1 (R Core Team, 2023)
and we used the R packages papaja (version 0.1.2, Aust
& Barth, 2023) and tinylabels (version 0.2.4, Barth, 2023)
for reporting. We used the conventional significance level
of α = .05 for all analyses. SoA ratings were divided by
100 to recode them to the interval [0, 1]. Analyses of Vari-
ance (ANOVAs) were performed using the package afex
(version 1.3-0, Singmann et al., 2023). Planned contrasts
and post-hoc pairwise comparisons were tested using the
package emmeans (version 1.8.9, Lenth, 2023). Effect sizes
for planned contrasts and post-hoc pairwise comparisons, as
well as confidence intervals for ANOVA effect sizes, were
estimated using the package effectsize (version 0.8.6, Ben-
Shachar et al., 2020). (Generalized) mixed linear models (see
Goldstein, 2011; Hoffman & Rovine, 2007) were fit using
the packages lme4 (version 1.1-35.1, Bates et al., 2015) and
lmerTest (version 3.1-3, Kuznetsova et al., 2017).
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Congruent Condition

100 ms 400 ms 500 ms 500 ms500 ms

+
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Incongruent Condition
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Fig. 1 Schematic depiction of the learning phase in Experiment 1
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Sense of agency

Mean SoA ratings are depicted in Fig. 2A. To test whether
SoA was higher in the congruent than in the incongruent
condition (Hypothesis 1), we first performed a 2 (congruency
condition) × 2 (order condition) mixed-design ANOVA on
the SoA ratings and then tested planned contrasts (one-tailed
testing). There was a main effect of congruency condition
(F(1, 116) = 165.33, MSE = 0.05, p < .001, η̂2p = .588,
95% CI [.48, .67]). Planned contrasts revealed that SoA was
higher in the congruent condition (M = 0.78, SD = 0.26)
than in the incongruent condition (M = 0.39, SD = 0.34,
�M = 0.78, 95% CI [0.68,∞], t(116) = 12.86, p < .001,
d̂ = 1.19, 95% CI [0.95, 1.43]), supporting Hypothesis 1.
This was the case both within the random order condition
(�M = 0.42, 95% CI [0.35,∞], t(116) = 9.71, p < .001,
d̂ = 0.90, 95% CI [0.68, 1.12]) and within the blocked order
condition (�M = 0.36, 95% CI [0.29,∞], t(116) = 8.46,
p < .001, d̂ = 0.79, 95% CI [0.58, 0.99]). These results
were mirrored when analyzing SoA on the trial instead of on
the aggregate level using a mixed linear model with random
person intercepts. Furthermore, there was a main effect of
order condition (F(1, 116) = 41.83, MSE = 0.10, p <

.001, η̂2p = .265, 95% CI [.14, .39]). SoA was higher in the
blocked order condition (M = 0.71, SD = 0.33) than in the
random order condition (M = 0.45, SD = 0.35). There was
no interaction of congruency condition and order condition
(F(1, 116) = 1.22, MSE = 0.05, p = .272, η̂2p = .010,
95% CI [.00, .07]).

Recognition memory

To test whether recognition memory was better for words
in the congruent compared to the incongruent condition
(Hypothesis 2) and whether this effect was present in both
the random and blocked order condition (Hypothesis 3), we
computed d’ from signal detection theory from the hit and
false alarm rates in the recognition test, separately for the
congruent and incongruent condition, as a measure of recog-
nition performance. d’ is a sensitivity index that controls for
participants’ response bias. Because there were participants
with extreme proportions of hit or false alarm rates (0 or 1),
for which d’ can not be calculated, we used the loglinear
approach (Hautus, 1995) to adjust the rates.2 We thus added
1/3 to the number of hits and 2/3 to the number of false alarms
(reflecting the ratio of signal-to-noise trials when consider-
ing congruent and incongruent trials separately), and 2/3 to
the number of signal and 4/3 to the number of noise tri-
als before calculating the hit and false alarm rates. Mean
d’ values are depicted in Fig. 2B. We first performed a 2
(congruency condition) × 2 (order condition) mixed-design

2 This adjustment was not preregistered in Experiment 1.

ANOVA on d’ and then tested planned contrasts (one-tailed
testing). There was a main effect of congruency condition
(F(1, 116) = 3.93, MSE = 0.12, p = .050, η̂2p = .033,
95% CI [.00, .12]). Planned contrasts revealed that recog-
nition memory was better in the congruent condition (M =
0.78, SD = 0.75) than in the incongruent condition (M = 0.70,
SD = 0.74, �M = 0.18, 95% CI [0.03,∞], t(116) = 1.98,
p = .025, d̂ =0.18, 95%CI [0.00, 0.37]), supportingHypoth-
esis 2. However, this effect was only significant when testing
across the two order conditions, but not within either the
random order condition (�M = 0.10, 95% CI [0.00,∞],
t(116) = 1.63, p = .053, d̂ = 0.15, 95% CI [-0.03, 0.33]) or
blocked order condition (�M = 0.07, 95% CI [−0.03,∞],
t(116) = 1.17, p = .123, d̂ = 0.11, 95% CI [-0.07, 0.29]).
This does not allow for a clear inference regarding Hypoth-
esis 3. There was neither a main effect of order condition
(random order condition: M = 0.70, SD = 0.71, blocked
order condition: M = 0.78, SD = 0.78, F(1, 116) = 0.33,
MSE = 1.00, p = .567, η̂2p = .003, 95% CI [.00, .05]),
nor was there an interaction of congruency condition and
order condition (F(1, 116) = 0.13, MSE = 0.12, p = .721,
η̂2p = .001, 95% CI [.00, .04]).3

As a supplemental analysis, we also performed the
same tests using (unadjusted) hit rates instead of d’ as the
dependent variable to mirror the analysis by Hon and Yeo
(2021). There was a main effect of congruency condition
(F(1, 116) = 4.88, MSE = 0.01, p = .029, η̂2p = .040).
Planned contrasts revealed that recognition memory was bet-
ter in the congruent condition (M = 0.62, SD = 0.20) than in
the incongruent condition (M =0.59, SD=0.19,�M = 0.06,
95% CI [0.02,∞], t(116) = 2.21, p = .015, d̂ = 0.21, 95%
CI [0.02, 0.39]). Here, the effect was also significant within
the random order condition (�M = 0.04, 95%CI [0.00,∞],
t(116) = 1.75, p = .042, d̂ = 0.16, 95% CI [-0.02, 0.35]),
but not in the blocked order condition (�M = 0.03, 95%
CI [−0.01,∞], t(116) = 1.37, p = .087, d̂ = 0.13, 95% CI
[-0.06, 0.31]). There was neither amain effect of order condi-

3 As we only computed one false alarm rate per participant, which we
contrasted with the two hit rates from the experimental conditions, a
possible concern is that this may induce dependence between the d’
values for the two conditions. To address this concern, we calculated
bootstrapped estimates of the false alarm rates: We randomly assigned
half of the new words to the congruent condition and half to the incon-
gruent condition a total of 1000 times and computed the respective false
alarm frequencies and rates per participant and condition. We then used
the means of the resulting distributions as estimates for calculating d’
(for the adjustment we consequently added 0.5 to both the number of
hits and false alarms as the ratio of signal-to-noise trials was now bal-
anced). This did not substantially affect the results of both Experiment
1 and 2, with the exception that the contrast comparing the congru-
ent and incongruent condition within the random order condition of
Experiment 1 reached significance (p = .048). Therefore, a possible
non-independence of d’ values from different conditions as a result of
calculating them using the same person-specific false alarm rate does
not appear to be a problem.
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Fig. 2 Mean sense of agency ratings (A) and mean d’ values (B) by congruency and order condition in Experiment 1. Notes. Black shapes depict
group-level means, gray shapes depict person-level means. Error bars depict ± SEM

tion (random order condition: M = 0.59, SD = 0.19, blocked
order condition: M = 0.62, SD = 0.20, F(1, 116) = 0.57,
MSE = 0.06, p = .453, η̂2p = .005), nor was there
an interaction of congruency condition and order condition
(F(1, 116) = 0.09, MSE = 0.01, p = .760, η̂2p = .001).
These results were mirrored when analyzing hits (1 = hit, 0
= miss) on the trial instead of on the aggregate level using a
generalizedmixed linear model with a logit link function and
random person intercepts. The results therefore largely mir-
ror the ones with d’ as the dependent variable, but the effects
were slightly larger and the difference between the congruent
and incongruent conditionwithin the random order condition
reached significance when using hit rates as the dependent
variable.

Discussion

In Experiment 1, we found a positive effect of action-effect
congruency on the SoA and recognition memory, supporting
Hypotheses 1 and 2. The effect of congruency between an
action and its effect is in line with earlier findings (Farrer et
al., 2008; Hon & Yeo, 2021; Liesner et al., 2020; Tsuji &
Imaizumi, 2022; Wegner & Wheatley, 1999). Congruency
between an action and subsequently unfolding environmen-
tal effects thus appears to be a strong driver of the SoA.
In addition, we found a higher SoA when the action effect
was predictable (in the blocked order condition) than when
it was unpredictable (in the random order condition). This
is consistent with Liesner et al. 2020 and, together with the
effect of congruency, suggests the independent influence of
pre- and postdictive components on the SoA. Finding the
effect of congruency to persist in the blocked order condition

also suggests that participants did not modify their behavior
by selecting the opposite response option in the incongruent
block to achieve desired outcomes, as SoA should have also
been high in the incongruent block in this case.

By finding a positive effect of action-effect congruency
on recognition memory, we could replicate the finding of
Hon and Yeo (2021), but not the one of Tsuji and Imaizumi
(2022), who did not find such an effect. However, while
using the same experimental paradigm, their study included
an additional baseline condition, in which the boxmoved up-
or downwards randomly after a jittered delay without a key
presses. It is possible that this baseline condition interfered
with the perceived contingency between the participants’
action and the subsequent effect. In addition, our study had
a much larger sample than the one of Tsuji and Imaizumi
(2022), and was thus much higher powered. In fact, we found
the effect of action-effect congruencyon recognitionmemory
to be quite small, and much smaller than the effects reported
by Hon and Yeo (2021). Hon and Yeo (2021) used hit rates as
the dependent variable, which do not take possible response
biases of the participants into account. For example, partic-
ipants who adopt a liberal response criterion and respond
“old” to most items will naturally have high hit rates, but
also high false alarm rates. This is not apparent when only
considering hit rates. We thus used the sensitivity index d’
from signal detection theory to take participants’ response
biases into account. In our own supplemental analysis as
well, effects tended to be larger when using hit rates instead
of d’ as the dependent variable, suggesting that disregarding
response biases may inflate the effect of action-effect con-
gruency on memory.
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In addition, we only reliably found the effect when col-
lapsing over the blocked and randomorder conditions (except
for the supplemental analysis of hit rates, in which the effect
was also significant within the random order condition).
This may be due to the rather small effect requiring a large
sample size to be detected, but it prevents us from draw-
ing strong conclusions regarding Hypothesis 3. However, if
effects on recognition memory were mediated by SoA, one
would expect that recognition memory would be better in
the blocked order condition, in which SoA was higher. This
was not the case. The higher SoA in the blocked order con-
dition did not translate into significantly better recognition
memory in that condition. It is therefore possible that the
effect of action-effect congruency on recognition memory is
not mediated by SoA, but that action-effect congruency may
independently affect both SoA and recognition memory.

In Experiment 2, we set out to test the robustness of the
effect of action-effect congruency on SoA and recognition
memory. We further investigated effects of the size of the
available action space and distinguished between different
recognition memory processes.

Experiment 2

In Experiment 2, we used a different experimental paradigm
and switched to a less controlled online setting to test the
robustness of the previously found effect of action-effect
congruency on SoA and recognition memory. In addition,
we investigated the effect of the size of the available action
space (i.e., the number of response options to choose from).
Participants were presented line drawings (icons) which they
could colorize by selecting a color. They could either choose
between three colors (small set condition) or six colors
(large set condition), which thus constituted a smaller or
larger available action space. After selecting a color, the
icon was either colored in the selected color (congruent
condition) or in a color randomly chosen from the non-
selected response options (incongruent condition). Icons
were later tested in a recognition test. Recognition mem-
ory performance reflects two distinct processes: recollection
(i.e., conscious and detailed memory of previously encoun-
tered events, including stimuli and the context in which they
occurred) and familiarity (i.e., the feeling that an event or
stimulus was previously encountered, Yonelinas, 2002). In
Experiment 2, we aimed to distinguish between these pro-
cesses using the remember/know procedure (Gardiner, 1988;
Tulving, 1985), in which remember judgments are thought
to reflect recollection, and know judgments are thought to
reflect familiarity. Thus, in the recognition test, participants
could indicate whether they remembered the icon, merely
knew that it occurred in the learning phase, or whether it was
new (see also Tsuji & Imaizumi, 2022).

First, we aimed to replicate the effect of action-effect con-
gruency on SoA and therefore expected the SoA to again
be higher for stimuli associated with an effect congruent to
the action than for stimuli associated with an effect incon-
gruent to the action (Hypothesis 1a). A facilitating effect
of the size of the available action space has been found in
previous studies (Barlas et al., 2017; Barlas & Kopp, 2018;
Barlas & Obhi, 2013). For example, Barlas and Obhi (2013)
found the SoA to increase monotonically with the number
of response options increasing from one (forced-choice) to
four. Considering these previous findings, we expected the
effect of action-effect congruency to be modulated by the
size of the available action space. We thus expected the dif-
ference in SoA between congruency and incongruency of
an action and its effect to be larger given a larger avail-
able action space (Hypothesis 1b). Second, we expected this
pattern to also be reflected in recognition memory. This is
because, if one assumes that the effect of action-effect con-
gruency on memory is driven by the SoA, a modulation of
the SoA by the size of the available action space should also
influence memory. In addition, memory may benefit from
items being more uniquely coupled with an action, as actions
may then serve as more effective retrieval cues (Raaijmakers
& Shiffrin, 1980, 1981). In typical paradigms investigating
the enactment effect (e.g., Engelkamp, 1986) for example,
actions are uniquely paired with other information and we
aimed to approximate this with a larger available action
space. However, such a beneficial influence may depend on
the strength of the encoded association between action and
effect, which may be stronger given action-effect congru-
ency. Thus,we expected that recognitionmemory is better for
stimuli associated with action-effect congruency than stim-
uli associated with action-effect incongruency (Hypothesis
2a) and that the difference in recognition memory for stim-
uli associatedwith action-effect congruency or incongruency
is larger given a larger available action space (Hypothesis
2b). Finally, given a larger available action space, partici-
pants may more strongly consider the effects they produce
as self-generated and thus more self-relevant. Self-reference
effects have mainly been found in recollection (Conway &
Dewhurst, 1995; van den Bos et al., 2010). In addition, rec-
ollection involves the retrieval of contextual information and
therefore, the action or certain effect features may serve as
retrieval cues, facilitating memory. We thus expected the
effect of the available action space to more strongly influ-
ence recollection rather than familiarity (Hypothesis 3). This
may also be the case for the effect of action-effect congru-
ency (although thiswas not preregistered). For an exploratory
analysis of the effect of change in control see Appendix A.
The experiment’s design, hypotheses, and analysis plan were
preregistered at https://doi.org/10.17605/OSF.IO/MBXK4.
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Methods

Participants

Participants were recruited from the participant pool of the
University of Würzburg and could receive course credit for
their participation. They were prescreened to have normal
or corrected-to-normal vision and no color vision deficien-
cies. An a priori power analysis using G*Power 3.1 (Faul
et al., 2009) for detecting a main effect for a two-level
within-subjects factor (Hypotheses 1a and 2a) or a 2 × 2
within-between interaction (Hypotheses 1b, 2b, and 3) given
a small effect size (f = .15) with 90% power yielded a
desired sample size of 120 participants (60 per between-
subjects condition). To account for possible data exclusions,
we oversampled by 15%, thus aiming for a sample size of
138 participants. Ultimately, 145 participants completed the
study before data collection was stopped. All participants
provided informed consent for participation and publication
of their data. Thirty-four participants had to be excluded. One
indicated being younger than 18 years. Five reported having
experienced technical problems. Further,we excluded26par-
ticipants who chose a single color with a proportion less than
half or more than 1.5 times from chance in the learning phase
(i.e., < 1/6 or > 1/2 for the small set condition and < 1/12
or> 1/4 for the large set condition).4 Two other participants
were excluded, one due to taking more than 5 s to respond
in at least 5% of trials (to avoid heterogeneity in encoding
times), and another one due to indicating not having con-
ducted the study properly. Thus, the final sample consisted
of 111 participants (62 participants in the small set condition
and 49 participants in the large set condition). The mean age
of participants was 21.5 years (SD = 4.7) in the small set
condition (53 female) and 22.3 years (SD = 7.0) in the large
set condition (44 female).

Design

The experiment employed a 2 (congruency condition: con-
gruent vs. incongruent) × 2 (set size condition: small
vs. large) mixed design, with congruency being manipulated
within-subjects and set size being manipulated between sub-
jects. In the congruent condition, the coloring of the icon
matched the color selected by the participant and in the
incongruent condition, it was instead colored with one of
the non-selected colors (randomly chosen). In the small set
condition, participants could choose between three avail-

4 With these proportionswe aimed tomake the exclusion criterion com-
parable between conditions with different numbers of response options.
They are also roughly proportional to the ones used in Experiment 1,
which only included two response options.

able colors and in the large set condition they could choose
between six available colors.

Apparatus and stimuli

The experiment was implemented using lab.js (Henninger
et al., 2022) and conducted online. Data collection was
managed by JATOS (Lange et al., 2015). Stimuli were two-
dimensional icons of objects in the format of scalable vector
graphics (SVGs) taken from the Dazzle Line Icons Collec-
tion on SVG Repo (Dazzle UI, https://www.svgrepo.com/
collection/dazzle-line-icons/). Icons were selected to have
similar line thickness and to be sufficiently distinguishable
from one another. All icons were of the same size. Two
additional icons were used as practice stimuli. In the small
set condition, participants could choose between the colors
red (hexadecimal color code: #ff0000), green (#00ff00), and
blue (#004bff). In the large set condition, they could choose
between red, orange (#ff7f00), yellow (#ffdc00), green, blue,
and purple (#aa00ff).

Procedure

Participants were randomly assigned to the set size condi-
tions, such that they would be equally distributed across
conditions. This experiment too consisted of a learning phase
and a test phase. In the learning phase, participants were first
presented with a fixation cross for 500 ms and then a black
icon depicting an object on a white background. Below the
item, there were three (small set condition) or six (large set
condition) buttons with colors in one (small set condition) or
two (large set condition) rows. Within a set size condition,
colors were always in the same order for all participants.
Participants then made a self-decided and -initiated selec-
tion of a color by clicking on the corresponding button, but
were instructed to avoid any bias in the selection of colors.
They were further instructed to make their selection within
5 s. If they were too slow, they received corresponding feed-
back for 1 s after having made their selection, and the trial
was flagged as a timeout. After participants selected a color,
the color buttons disappeared and the icon was colored with
the selected color (congruent condition) or with a randomly
chosen color from the ones not selected by the participant
(incongruent condition). The colored icon was displayed for
6 s minus the time it took participants to select a color, but
for a minimum of 1s. This was done to align the total pre-
sentation duration across trials. Every fourth occurrence of
a congruent or incongruent trial, respectively, participants’
SoA over the coloring of the icon was assessed by asking
them to rate how much they felt to have controlled the color-
ing of the object using a continuous slider ranging from 0 (no
control) to 100 (full control). This resulted in ten ratings per
congruency condition. Each trial was followed by a 500-ms
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intertrial interval, during which a blank screen was shown. A
schematic depiction of the learning phase is given in Fig. 3.
The learning phase consisted of 80 trials (40 per congruency
condition). Eighty icons were randomly drawn from the pool
of 120 icons and were randomly assigned to the congruency
conditions. The remaining 40 icons served as novel foils in
the test phase. Before the learning phase, participants con-
ducted two learning trials (one per congruency condition) to
familiarize them with the task.

Directly after the learning phase, the test phase started,
during which participants conducted an incidental recogni-
tion memory test. Forty icons (20 per congruency condition)
were randomly drawn from the ones used in the learning
phase. These were mixed with 40 novel foils. Thus, the
test phase consisted of 80 trials. In each trial, a black icon
was presented in the screen center with three buttons under-
neath it. We used the remember/know procedure (Gardiner,
1988; Tulving, 1985) and thus asked participants to indicate
whether they remembered the icon (remember),merely knew
that it occurred in the learning phase (know), or whether the
icon was new by clicking on the corresponding button below
the icon. The description for remember and know judgments
closely followed the ones used by Gardiner (1988), trans-
lated into German. After the test phase, participants provided
some demographic information and could specify reasons
that might warrant the exclusion of their data from the anal-
yses and give comments regarding the study. Finally, they
were thanked and debriefed.

Results

Sense of agency

Mean SoA ratings are depicted in Fig. 4A. To test whether
SoA was higher in the congruent than in the incongruent
condition (i.e., Hypothesis 1a), and whether this effect was
modulated by set size condition (Hypothesis 1b), we per-
formed a 2 (congruency condition) × 2 (set size condition)
mixed-design ANOVA on the SoA ratings. There was a
main effect of congruency condition (F(1, 109) = 311.10,
MSE = 201.95, p < .001, η̂2p = .741, 95% CI [.66, .80]).
SoA was higher in the congruent condition (M = 56.52, SD
= 32.87) than in the incongruent condition (M = 23.09, SD
= 25.61). Thus, Hypothesis 1a was supported. There was
no main effect of set size condition (F(1, 109) = 2.66,
MSE = 552.72, p = .106, η̂2p = .024, 95% CI [.00,
.11]). SoA did not significantly differ between the small (M
= 37.51, SD = 32.82) and large (M = 42.70, SD = 34.95)
set condition. However, there was an interaction of congru-
ency condition and set size condition (F(1, 109) = 3.94,
MSE = 201.95, p = .0496, η̂2p = .035, 95% CI [.00,
.13]). To test whether the interaction was as predicted, we
computed the differences in mean SoA ratings between the
congruent and incongruent condition for each participant and
then performed an independent-samples t-testwith the differ-
ence in mean SoA ratings as the dependent variable and set
size condition as the independent variable (one-tailed test-

+ Sense of agency
rating

Congruent Condition

1 s
If RT > 5 s

500 ms500 ms

Incongruent Condition

Too Slow!

6 s - RT
Min 1 s

+ Sense of agency
rating

1 s
If RT > 5 s

500 ms500 ms

Too Slow!

6 s - RT
Min 1 s

Fig. 3 Schematic depiction of the learning phase in Experiment 2 for the small set condition. Notes. Screens with dashed lines were not always
shown. Sense of agency ratings were collected every fourth occurrence of a congruent or incongruent trial, respectively. RT = reaction time, Min =
minimum
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Fig. 4 Mean sense of agency ratings (A) and mean d’ values (B) by congruency and set size condition in Experiment 2. Notes. Black shapes depict
group-level means, gray shapes depict person-level means. Error bars depict ± SEM

ing). Indeed, the difference in SoA between the congruent
and incongruent condition was larger in the large set condi-
tion than in the small set condition (�M = 7.63, 95% CI
[1.25,∞], t(103.29) = 1.99, p = .025, d̂ = 0.39, 95% CI
[0.00, 0.78]). Thus, Hypothesis 1b was also supported.

Recognition memory

To test whether recognition memory was better for items in
the congruent than in the incongruent condition (Hypothe-
sis 2a), and whether this effect was modulated by set size
condition (Hypothesis 2b), we collapsed across remember
and know responses (treating both as “old” responses) and
again computed the sensitivity index d’ separately for the
congruent and incongruent condition, as in Experiment 1.
As there were again participants with extreme proportions of
hit or false alarm rates, we again used the loglinear approach
(Hautus, 1995) to adjust the rates, also as in Experiment 1.
Mean d’ values are depicted in Fig. 4B. We then performed
a 2 (congruency condition) × 2 (set size condition) mixed-
designANOVAon d’. There was amain effect of congruency
condition (F(1, 109) = 5.23, MSE = 0.10, p = .024,
η̂2p = .046, 95% CI [.00, .14]). Recognition memory was
better in the congruent condition (M = 1.23, SD = 0.84) than
in the incongruent condition (M = 1.13, SD = 0.83), thus
supporting Hypothesis 2a. There was no main effect of set
size condition (F(1, 109) = 0.00, MSE = 1.31, p = .989,
η̂2p = .000, 95% CI [.00, .00]). Recognition memory did not
significantly differ between the small (M = 1.18, SD = 0.94)
and large (M = 1.18, SD = 0.69) set condition. Critically,
there was also no interaction between congruency condition
and set size condition (F(1, 109) = 0.51, MSE = 0.10,

p = .475, η̂2p = .005, 95% CI [.00, .06]). Thus, Hypothesis
2b was not supported.

Remember/know distinction

Proportions of remember and know judgments in each set
size condition for old items in each congruency condition and
for new items are shown in Table 1. To test whether the set
size conditions had a stronger influence on recollection than
familiarity (Hypothesis 3), we split the data into two subsets.
For the remember subset, we filtered trials where participants
gave either a remember or new judgment (i.e., remember
judgments for old items were considered hits, remember
judgments for new items were considered false alarms, new
judgments for old items were considered misses, and new
judgments for new itemswere considered correct rejections).
For the know subset, wefiltered trialswhere participants gave
either a know or a new judgment. We then computed d’ sep-
arately for the congruent and incongruent condition for each
subset of the data. Again, hit and false alarm rates needed
to be adjusted. This time, however, within the subsets, the
ratio of signal-to-noise trials could vary across participants.
We thus first computed the ratio of signal-to-noise trials for
each participant within the two subsets for each participant
and then adjusted the hit and false alarm rates accordingly.5

d’ values for the remember and know subset are depicted in

5 For example, if there were 20 signal and 30 noise trial in the subset
for a given participant, we added 0.4 to the number of hits (for both the
congruent and incongruent condition) and 0.6 to the number of false
alarms, 0.8 to the number of signal trials and 1.2 to the number of noise
trials. These values therefore reflect the proportion of signal-to-noise
trials for this participant but could vary across participants.
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Table 1 M (SD) of the proportion of remember and know judgments in each set size condition for old items in each congruency condition and for
new items during the recognition test in Experiment 2

Small set condition Large set condition
Remember Know Remember Know

Congruent condition .35 (.21) .30 (.15) .38 (.21) .28 (.14)

Incongruent condition .34 (.21) .30 (.16) .34 (.20) .29 (.15)

New items .11 (.10) .19 (.13) .12 (.10) .14 (.10)

Fig. 5. We then performed 2 (congruency condition)× 2 (set
size condition) mixed-design ANOVAs on d’, separately for
the remember and know subset.

In the remember subset, there was amain effect of congru-
ency condition (F(1, 109) = 6.11, MSE = 0.17, p = .015,
η̂2p = .053, 95% CI [.00, .15]). Recognition memory was
better in the congruent condition (M = 1.46, SD = 0.97) than
in the incongruent condition (M = 1.33, SD = 0.98). There
was no main effect of set size condition (F(1, 109) = 0.00,
MSE = 1.75, p = .961, η̂2p = .000, 95% CI [.00, .00]).
Recognition memory did not significantly differ between the
small (M = 1.40, SD = 1.03) and large (M = 1.39, SD = 0.90)
set condition. There was also no interaction between con-
gruency condition and set size condition (F(1, 109) = 0.53,
MSE = 0.17, p = .469, η̂2p = .005, 95% CI [.00, .06]).

In the know subset, there was no main effect of congru-
ency condition (F(1, 109) = 1.96, MSE = 0.14, p = .164,
η̂2p = .018, 95% CI [.00, .09]). Recognition memory did not
significantly differ between the congruent condition (M =
0.92, SD = 0.81) and the incongruent condition (M = 0.85,
SD = 0.78). There was also no main effect of set size condi-
tion (F(1, 109) = 0.15, MSE = 1.14, p = .699, η̂2p = .001,
95%CI [.00, .05]). Recognitionmemory did not significantly

differ between the small (M = 0.91, SD = 0.86) and large (M
= 0.86, SD = 0.71) set condition. Finally, there was also no
interaction between congruency condition and set size condi-
tion (F(1, 109) = 0.03, MSE = 0.14, p = .853, η̂2p = .000,
95% CI [.00, .03]). Thus, set size condition neither had an
effect in the remember nor in the know subset and therefore
Hypothesis 3 was not supported. However, the effect of con-
gruency condition was only present in the remember subset,
but not in the know subset.

Discussion

In Experiment 2, we again found a positive effect of action-
effect congruency on the SoA, supporting Hypothesis 1a.
We were thus able to replicate the effect from Experiment 1,
which is also in line with earlier findings (Farrer et al., 2008;
Hon & Yeo, 2021; Liesner et al., 2020; Tsuji & Imaizumi,
2022; Wegner & Wheatley, 1999). We further extended on
this finding by showing that this effect is modulated by the
size of the available action space. If participants were able
to choose between more actions, the effect of action-effect
congruency on the SoA was more pronounced, supporting
Hypothesis 1b. This extends previous findings of higher SoA

Remember Know

congruent incongruent congruent incongruent
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Fig. 5 Mean d’ values by congruency and set size condition for the remember and know subsets in Experiment 2. Notes. Black shapes depict
group-level means, gray shapes depict person-level means. Error bars depict ± SEM
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given a larger action space (Barlas et al., 2017; Barlas &
Kopp, 2018; Barlas & Obhi, 2013). In this study, we found
that a larger action space does not generally lead to a higher
SoA, as we did not find a main effect, but that it interacts
with action-effect congruency, yielding the highest SoA if
the action space is larger and the environmental effect is con-
gruent to the action.

We further again found a positive effect of action-effect
congruency on recognition memory, supporting Hypothesis
2a and replicating the effect from Experiment 1 and Hon
and Yeo (2021), using a different experimental paradigm
and a less-controlled online setting. Thus, albeit being small,
the effect appears to be quite robust. However, we did not
find this effect to be modulated by the size of the available
action space and thus, Hypothesis 2b was not supported. As
in Experiment 1, we were confronted with the finding that a
factor influencing SoA does not yield corresponding effects
on recognition memory. This further supports the assump-
tion that the effect of action-effect congruency on recognition
memory may not be mediated by SoA, but that action-effect
congruency may independently affect both SoA and recog-
nition memory instead.

When we distinguished between two processes contribut-
ing to recognitionmemory performance, namely recollection
and familiarity (Yonelinas, 2002), we did not find differen-
tial effects of the size of the available action space on the two
processes. The number of available action alternatives did
not have an effect when focusing on remember judgments
(thought to reflect recollection), nor when focusing on know
judgments (thought to reflect familiarity). Thus, Hypothe-
sis 3 was not supported and the size of the available action
space does not appear to affect recognition memory. How-
ever, we did find the effect of action-effect congruency to
differ for recollection and familiarity, only being present in
the case of recollection.Thisfinding is inconsistentwithTsuji
and Imaizumi (2022), who found no effect of action-effect
congruency for both recollection and familiarity. Our find-
ings on the other hand suggest that the effect of action-effect
congruency on recognition memory is primarily driven by
recollection.

General discussion

In two experiments, we tested how congruency between an
action and ensuing perceptual changes in the environment
shape the sense of agency (SoA) and memory for the pro-
duced event, and how these effects are modulated by the
predictability of the action effect and the size of the available
action space (for an additional investigation of the effect of
transient changes in control see Appendix A). In Experiment
1, participantsmoved a boxbypressing one of two arrowkeys
and the box moved either congruently in the direction of the

key press, or incongruently in the opposite direction. After
the box stopped moving, a word appeared superimposed on
the box, and memory for these words, together with novel
words, was tested in a later old/new recognition test. Tri-
als were either ordered randomly or in a blocked manner,
such that all congruent and all incongruent trials occurred
consecutively. In Experiment 2, participants colored an icon
by selecting one of three or six colors, depending on their
assigned condition. The icon was then colored congruently,
in the selected color, or incongruently, in a color randomly
chosen from the non-selected ones. Memory for these icons,
togetherwith novel icons,was tested in a later recognition test
employing the remember/know procedure (Gardiner, 1988;
Tulving, 1985). We consistently found action-effect congru-
ency to increase the SoA (supporting Hypothesis 1/1a) and
enhance recognition memory (supporting Hypothesis 2/2a),
primarily recollection. We further found the predictability of
the action effect to increase the SoA but not enhance recog-
nition memory. Furthermore, the size of the available action
space (i.e., the number of actions an agent can choose from)
interactedwith action-effect congruency, producing the high-
est SoA for effects congruent to an action selected from a
larger set of possible responses. However, the size of the
available action space did not affect recognitionmemory (not
supporting Hypothesis 3 in Experiment 2).

Action-effect congruency and effect predictability
increase the sense of agency

Wefound theSoA to be higher if a perceptual effect following
an agent’s action was congruent to that action. This was the
case for both spatial congruency, where participants could
move a box upwards or downwards with the box moving
either in the specifiedor in the opposite direction (Experiment
1), and color congruency, where an image was either colored
according to the agent’s color selection or in a different color
(Experiment 2). This finding is very robust and has been reli-
ably found in previous studies (Farrer et al., 2008;Hon&Yeo,
2021; Liesner et al., 2020; Tsuji & Imaizumi, 2022; Wegner
& Wheatley, 1999). The influence of congruency between
an action and ensuing effects in the environment may be
explained by agents employing explicit reasoning processes
to determine whether their action was causally responsible
for the environmental effect (Liesner et al., 2020; Synofzik
et al., 2008; Wegner, 2003) and may thus primarily affect the
postdictive component of the SoA (see also Ebert &Wegner,
2010).

Further, we found the SoA to be higher if the action effect
was predictable than if it was unpredictable in Experiment
1. Predictability was manipulated by making the effect (the
box movement) always congruent or incongruent in a given
experimental block compared to varying congruency on a
trial-by-trial basis. This finding is consistent with Liesner et
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al. (2020) and suggests that the SoA is also affected by pre-
dictive components, such that agents predict their actions’
environmental effects (Blakemore&Frith, 2003; Frith, 2005;
Haggard, 2017; Niziolek et al., 2013; Verschoor & Hommel,
2017), with this process being supported by the consistency
of the occurrence of certain environmental effects. Action-
effect congruency and predictability of the action effect
increased SoA in a statistically independent manner, which
suggests that postdictive and predictive processes shaping
SoA operate in an independent manner.

The size of the available action spacemodulates
the effect of action-effect congruency on the sense
of agency

In Experiment 2, we further found the effect of action-effect
congruency on the SoA to be modulated by the size of the
available action space, that being the number of actions an
agent can choose from. The effect of action-effect congru-
encywasmore pronounced given a larger action space.While
previous studies found a larger action space to increase the
SoA (Barlas et al., 2017; Barlas & Kopp, 2018; Barlas &
Obhi, 2013), our findings qualify these previous results by
showing that this is not generally the case, but that this effect
depends on (sufficient) congruency between an action and a
subsequently ensuing effect. A possible explanation for this
interaction is the predictability of the effect in incongruent
action-effect episodes. With a smaller action space, the prob-
ability of one of the non-selected effects to occur by chance
is higher than given a larger action space (e.g., 50% given
three response options vs. 20% given six response options).
The predictability of a given effect in incongruent trials may
therefore be considered to be relatively higher for smaller
compared to larger action spaces. Predictability increases
the SoA (Liesner et al., 2020; Ma et al., 2019), which is
also reflected in a higher SoA in the blocked order condition
of Experiment 1, in which effects were perfectly predictable.
Predictabilitywould therefore decrease the difference in SoA
between smaller and larger action spaces for incongruent tri-
als. In addition, we generalize previous findings made with
an implicit measure of agency (i.e., temporal binding), which
may be a problematic measure of the SoA (Gutzeit et al.,
2023) and may not be particularly related to explicit SoA rat-
ings (Dewey&Knoblich, 2014; Saito et al., 2015; Schwarz et
al., 2019). Here, we show an effect of the size of the available
action space using explicit ratings of the SoA, which is in line
with the congruence of explicit and implicit measures found
by Barlas et al. (2017) and Barlas and Kopp (2018). Our
findings suggest that a SoA only substantially emerges for
effects that are congruent to an action and that these congru-
ent effects stand out more in larger action spaces. Given that
the SoA is higher for freely chosen compared to instructed
actions (Barlas et al., 2017; Barlas & Obhi, 2013; Sebanz

& Lackner, 2007; Sidarus et al., 2017; Villa et al., 2021), a
larger available action space provides even more freedom of
choice andmay therefore enhance participants’ experience of
control, thus increasing their SoA. The results are thus in line
with accounts suggesting that greater involvement in action
selection facilitates the SoA (Caspar et al., 2016; Haggard,
2008; Sebanz & Lackner, 2007).

Action-effect congruency enhances recognition
memory

Beyond its effect on the SoA, we found action-effect con-
gruency to enhance recognition memory. Participants were
better at recognizing words that were associated with a con-
gruent effect than words associated with an incongruent
effect.We found this influence in both experiments, using two
different paradigms and both a laboratory and an online set-
ting. This suggests that the influence is rather reliable, albeit
being small. This is in line with findings by Hon and Yeo
(2021), although our observed statistical effect sizes were
smaller, but not in line with Tsuji and Imaizumi (2022), who
foundno such effect.However, amajor difference in the study
by Tsuji and Imaizumi (2022) is that it involved a baseline
condition, in which the effect was unrelated to participants’
actions. This may have reduced participants’ perceptions of
the contingencybetween their actions and subsequent effects.
As we observed rather small effects, it is also possible that
the study by Tsuji and Imaizumi (2022) was simply not suf-
ficiently powered to detect effects of this size.

In Experiment 2, we further found the effect of action-
effect congruency on recognition memory to primarily rely
on the process of recollection, that is, the conscious and
detailedmemory of previously encountered events, including
both the items and the context involved in the event (Yoneli-
nas, 2002). This finding is inconsistent with an assumption
that incongruent action-effect episodes might result in higher
recollection due to expectancy violations, which could, for
example, draw increased attention. Instead, the finding may
point towards one possible explanation of the effect of action-
effect congruency onmemory, namely that stimuli associated
with a congruent effect are perceived as self-generated and
therefore as more self-relevant than stimuli associated with
an incongruent effect, allowing them to be integrated into a
broader network of self-relevant information. Indeed, effects
of self-reference aremainly found in recollection (Conway&
Dewhurst, 1995; van den Bos et al., 2010) and self-generated
stimuli are better remembered than other-generated ones
(Jacoby, 1978; Slamecka & Graf, 1978). In addition, if
objects are assigned to the self, they are better discrimi-
nated from ones assigned to others (Kim & Johnson, 2012).
This explanation suggests a close relationship of recogni-
tion memory and the SoA. For example, the opportunity to
choose, which is associated with a higher SoA (Barlas et
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al., 2017; Barlas & Obhi, 2013; Sebanz & Lackner, 2007;
Sidarus et al., 2017; Villa et al., 2021), has been found to
also enhance declarative memory (Murty et al., 2015).

However, in the current research, we did not observe such
a close correspondence between the SoA and recognition
memory. While action-effect congruency led to both higher
SoA and recognition memory, other factors increasing the
SoA (the predictability of the action effect and the size of the
available action space) did not affect recognition memory.
This may suggest an at least partial dissociation of the SoA
and recognition memory, with the SoA appearing to at least
not fully mediate the effect of action-effect congruency on
recognition memory. Rather, action-effect congruency may
independently affect the SoA andmemory.We thus deem the
self-reference account to not be the most likely explanation
for the relation between action-effect congruency and recog-
nition memory. It should be noted however, that given the
rather small effect of action-effect congruency on memory,
further modulations of this effect, such as a scaling of the
effect with SoA, may be difficult to detect.

Another possibility is that agents engage in effect antici-
pation, with the anticipated action-effect relationship being
reinforced in the case of action-effect congruency. Upon

planning or executing an action, agents may anticipate an
ensuing sensory effect. This is proposed by both ideomotor
theory (e.g., Greenwald, 1970; Hommel et al., 2001) and pre-
dictive processing theories (e.g., Friston et al., 2016; Friston
et al., 2017; Seth, 2014). For example, these predictions are
reflected in anticipatory eye movements towards predicted
effect locations (Pfeuffer et al., 2016). Importantly, these pre-
dictions, as do the actual action and effect, involve the binding
of various features associated with the action event (Frings
et al., 2020; Hommel et al., 2001). According to the theory
of event coding (Hommel et al., 2001), environmental events
are represented by feature codes, with feature codes referring
to the same event getting bound together in an “event file”
(Hommel, 1998, 2004). This event file thus includes feature
codes describing various aspects of the event, such as the
action itself, perceptual effects produced by the action, or
stimuli involved in the event (Frings et al., 2020). There is
ample evidence for such bindings between action and effect
features (e.g., Dutzi & Hommel, 2009; Elsner & Hommel,
2001; Moeller et al., 2016, 2019). Agents may therefore first
create an initial anticipatory event file (anticipation file) and,
after execution of the action and observation of the ensu-
ing effect, create a second event file (effect file, see Fig. 6).

Anticipation
File

Sensory Effect

Match between Anticipation and Effect File

Rinde

Anticipation

Effect
File

Rinde

Anticipation
File

Sensory Effect

Rinde

Anticipation

Effect
File

Partial Overlap of Anticipation and Effect File

Action-Effect Congruency Action-Effect Incongruency

Fig. 6 Depiction of the proposed feature-binding-based account for
explaining the facilitating effect of action-effect congruency on recog-
nition memory exemplary for the experimental paradigm used in
Experiment 1. When planning or executing an action, agents anticipate
the ensuing environmental effect of that action and store features related
to the anticipated action event in an event file (anticipation file). After

executing the action and receiving sensory feedback about the effect,
agents store the features related to the actual action event in another
event file (effect file). If the effect is congruent to the action, the antic-
ipation and effect file match, and bindings between event features are
strengthened. If the effect is incongruent to the action, the anticipation
and effect file only partially overlap, causing interference
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In the case of action-effect congruency, this second effect
file matches the anticipation file, reinforcing the bindings
between feature codes in the anticipation file and potentially
updating it with new information (e.g., the word as a part of
the effect in Experiment 1, which could not be anticipated).
The match produced by the two event files may also drive the
predictive component of the SoA (Blakemore & Frith, 2003;
Frith, 2005; Haggard, 2017; Niziolek et al., 2013; Verschoor
&Hommel, 2017). In the case of action-effect incongruency,
the effect file only partially overlaps with the anticipation
file, causing interference. Such interference between event
files is evident, for example, in partial repetition costs, being
reflected in delayed and more error-prone responses if fea-
tures of an intervening event only partially overlap with
features of an event held in memory compared to when these
features do not overlap or completely overlap (e.g., Fournier
et al., 2022; Hommel, 1998; Mocke et al., 2023). The finding
that the effect of action-effect congruency primarily relies on
recollection, which involves retrieval of contextual features
of an event, is in line with this reasoning, suggesting that
the integration of different event features is necessary for the
effect to emerge. Thus, the absence of interference between
the anticipation and effect file and the stronger integration of
features of an event into a common event file may explain
why action-effect congruency enhances recognitionmemory,
as it might allow those features to serve as retrieval cues.

Yet another possible explanation, which may also con-
tribute to the other potential explanations discussed, includes
modulations in attention allocation. Agents allocate more
attention to stimuli under their control (Huffman & Brock-
mole, 2020; Wen & Haggard, 2018) and stimuli receiving
more attention are recognized better (Craik et al., 1996;
Naveh-Benjamin et al., 1998). Anticipatory eye movements
towards predicted effects (Pfeuffer et al., 2016) in Exper-
iment 1 may also give stimuli appearing in the expected
location a slight processing advantage during encoding.
Similar mechanisms may be at play in Experiment 2. For
example, color perception in the periphery of the visual field
is limited (Hansen et al., 2009) and is thus probably worse if
stimuli are not fixated than when they are fixated. Anticipa-
tory eye movements may lead to faster fixation and thus to a
better color perception. These factors may contribute to the
facilitating effect of action-effect congruency on recognition
memory.

Conclusion

To conclude, we investigated the effect of congruency
between an agent’s action and an ensuing effect in the agent’s
environment on the SoA and recognition memory, as well
as factors that may modulate these effects, namely the pre-
dictability of the environmental effect and the size of the

action space the agent can select an action from. In terms
of the SoA, we found action-effect congruency to increase
the SoA, consistent with many previous findings. We fur-
ther found this effect to be increased when the available
action space was larger and environmental effects were pre-
dictable. Together, these results suggest the joint, possibly
independent, additive influence of predictive and postdic-
tive processes on the SoA. In terms of memory, we found
action-effect congruency to enhance recognition memory,
primarily affecting the process of recollection. However, the
predictability of the environmental effect and the size of the
available action space did not affect recognition memory.
This partial dissociation of factors influencing the SoA and
recognition memory cast doubt on the assumption that the
effect of action-effect congruency on recognition memory
is mediated by the SoA, although further modulations of
this effect may be difficult to detect given the rather small
effect sizes observed. Instead, action-effect congruency may
influence the two constructs independently. The effect of
action-effect congruency on recognition memory could be
explained by accounts of self-referential processing, feature
binding, and attention allocation.

Appendix A: Change in control

Experiment 1

In Experiment 1, we additionally investigated whether the
effect of action-effect congruency on recognition memory
is sensitive to changes in control. In the condition in which
action-effect congruency varied from trial to trial (random
order condition), a transition from a congruent to an incon-
gruent trial and vice versa would be associated with a change
in control, whereas the repetition of a congruent or incon-
gruent trial would not. Remembering stimuli associated with
changes in control may be particularly important, as these
may signal contexts one wishes to approach or avoid in the
future. In that sense, memory sensitivity to changes in con-
trol may be adaptive. We therefore expected that recognition
memory is better if the trial in which a stimulus occurred is
associatedwith a change in control than if it is associatedwith
no change in control compared to the previous trial (Hypoth-
esis 4). We further considered possible differential effects of
a gain in control (transition from an incongruent to a congru-
ent trial) and loss of control (transition from a congruent to
an incongruent trial) as an exploratory question. For exam-
ple, it has been found that low SoA in a preceding trial is
associated with increased inhibitory control in a subsequent
trial (Ren et al., 2023). An up-regulation of inhibitory con-
trol could occur immediately after detecting a loss in control,
which may benefit the encoding of the effect content in the
same trial. Alternatively, it could occur in the subsequent trial
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and may add to possibly beneficial effects of high control on
memory.

Results

To test if recognition memory was better for words occurring
in trials associated with a change in control from the previous
trial compared to trials associated with no change in control
(i.e., Hypothesis 4), we fit a generalized mixed linear model
with a logit link function to the data from the random order
condition, with hits (1 = hit, 0 =miss) as the binary dependent
variable and contrast-coded change in control as the indepen-
dent variable, as well as random person intercepts. We tested
planned contrasts reflecting the difference between change
in control and no change in control, and between a gain and
a loss in control. Words occurring in the first learning trial
were omitted, as no change in control could occur in the first
trial. The planned contrasts revealed that there was no differ-
ence in recognition memory between trials associated with
a change in control (M = 0.59, SD = 0.49) and trials asso-
ciated with no change in control (M = 0.59, SD = 0.49, log
OR = 0.00, 95% CI [−0.06, 0.06], z = 0.02, p = .986)6, or
between trials associatedwith a gain in control (M = 0.61, SD
= 0.49) and trials associated with a loss in control (M = 0.58,
SD = 0.49, log OR = 0.06, 95% CI [−0.06, 0.19], z = 1.01,
p = .314). Thus, Hypothesis 4 was not supported.

As a supplemental analysis, we fit the model with the
grand-mean-centered difference in SoA from the associ-
ated trial and the previous trial in the learning phase as
the independent variable, investigating both a linear and a
quadratic trend. Neither the linear trend (b̂ = 0.13, 95% CI
[−0.07, 0.34], z = 1.27, p = .205) nor the quadratic trend
(b̂ = −0.11, 95% CI [−0.44, 0.22], z = −0.64, p = .520)
were significant, suggesting no trial-to-trial modulation of
recognition memory by changes in SoA.

Experiment 2

In Experiment 2, we investigated the influence of a change
in control in an exploratory analysis.

Results

The analysis was equivalent to the one in Experiment 1. The
contrast analysis revealed that there was no difference in
recognition memory between trials associated with a change
in control (M = 0.62, SD = 0.49) and trials associated with
no change in control (M = 0.63, SD = 0.48, log OR = −0.02,

6 log OR = log odds ratio. 0 indicates no difference in odds between
the compared groups, positive values indicate higher odds in the first
than in the second group, and negative values indicate higher odds in
the second than in the first group.

95% CI [−0.05, 0.02], z = −0.94, p = .346). However,
there was a significant difference between trials associated
with a gain in control and trials associated with a loss in
control. Recognition memory was better for trials associated
with a gain in control (M = 0.65, SD = 0.48) than for trials
associated with a loss in control (M = 0.59, SD = 0.49, log
OR = 0.13, 95% CI [0.04, 0.22], z = 2.81, p = .005).

Discussion

We found mixed evidence for effects of transient changes in
control on recognition memory. While a general comparison
of memory performance in trials associated with a change
in control compared to trials associated with no change in
control yielded no evidence for an effect of change in control
in both experiments (not supporting Hypothesis 4 in Exper-
iment 1), we found recognition memory to be enhanced for
trials associated with a gain in control compared to trials
associated with a loss in control in the exploratory analy-
sis in Experiment 2, but not in the exploratory analysis in
Experiment 1. Thus, participants’ memory in Experiment
1 may not have been sensitive to transient changes in con-
trol. However, a possible reason for the discrepancy between
the experiments is that we could only use the data of one
between-subjects condition (the random order condition) for
this test in Experiment 1, whereas we could use all the data
in Experiment 2 for this analysis, resulting in a higher power
in Experiment 2. Therefore, the effect may have been too
small to be reliably detectable in Experiment 1, but at least
descriptively it went in the same direction as in Experiment
2.

Changes in control can modulate attention (Wen & Hag-
gard, 2018) and it has previously been found that reduced
control in a previous trial increases inhibitory control in a
subsequent one (Ren et al., 2023). Thus, participants may
allocate more attention to, and be able to better inhibit
distracting information in, trials associated with a gain in
control. However, this effect was not consistently observed
and should be further investigated in future research. What
may limit the effect, particularly the overall effect of change
in control, is the possibility of opposing influences on mem-
ory performance. For example, a memory advantage due to
high control in the current trial may compensate for amissing
increase in inhibitory control from the previous trial.

Appendix B: Effects of block order
in Experiment 1

The order of the blocks in the blocked order condition of
Experiment 1 was counterbalanced, such that approximately
half the participants in this condition were first confronted
with congruent trials only and the other half were first
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confronted with incongruent trials only. As an exploratory
analysis, we tested whether the ordering of the two blocks
affected theSoAand recognitionmemory. For these analyses,
we only considered data from the blocked order condition.

For testing the effect of block order on SoA, we performed
a 2 (congruency condition) × 2 (block order) mixed-design
ANOVAon the SoA ratings.While themain effect of congru-
ency condition was significant (F(1, 59) = 64.94, MSE =
0.06, p < .001, η̂2p = .524, 95% CI [.35, .65]), with higher
SoA ratings in the congruent condition (M = 0.89, SD = 0.16)
than in the incongruent condition (M =0.53, SD=0.35), there
was neither a main effect of block order (congruent first: M
= 0.76, SD = 0.30, incongruent first: M = 0.66, SD = 0.35,
F(1, 59) = 3.75, MSE = 0.09, p = .057, η̂2p = .060,
95% CI [.00, .21]), nor an interaction (F(1, 59) = 1.05,
MSE = 0.06, p = .309, η̂2p = .018, 95% CI [.00, .13]). This
suggests that the block order did not affect the SoA.

For testing the effect of block order on recognition mem-
ory, we performed a 2 (congruency condition) × 2 (block
order)mixed-designANOVAon d’.While therewere neither
a main effect of congruency condition (congruent condition:
M = 0.81, SD = 0.79, incongruent condition: M = 0.74,
SD = 0.77, F(1, 59) = 1.20, MSE = 0.12, p = .278,
η̂2p = .020), nor a main effect of block order (congruent
first: M = 0.81, SD = 0.72, incongruent first: M = 0.74, SD
= 0.84, F(1, 59) = 1.20, MSE = 0.12, p = .278, η̂2p =
.020), there was a significant interaction (F(1, 59) = 18.13,
MSE = 0.12, p < .001, η̂2p = .235).7 Post-hoc pairwise
comparisons revealed that recognition memory was better in
the condition that was presented first. In detail, congruent
trials were remembered better than incongruent ones when
congruent trials were presented first (�M = 0.33, 95% CI
[0.16, 0.50], t(59) = 3.82, p < .001, d̂ = 0.50, 95% CI
[0.22, 0.77]) and inversely, incongruent trials were remem-
bered better when they were presented first (�M = −0.20,
95% CI [−0.37,−0.02], t(59) = −2.22, p = .030, d̂ = -
0.29, 95% CI [-0.55, -0.03]). This may suggest the presence
of primacy effects.

To test for primacy effects and whether they may be
responsible for the non-significant findings in the blocked
order condition, we added trial position in the learning phase
of the tested word (divided by 80 to recode to the interval
[0, 1]) as a continuous trial-level covariate to the general-
ized mixed linear model (using the whole data) with hits (1
= hit, 0 = miss) as the binary dependent variable. Planned
contrasts testing the difference between the congruent and
incongruent condition within the random and blocked order
conditions served as the independent variables. The model
further included random person intercepts. Trial positionwas
indeed a significant predictor (log OR = −0.43, 95% CI
[−0.65,−0.21], z = −3.91, p < .001), further solidify-

7 This was also the case when using hit rates as the dependent variable.

ing the presence of primacy effects. However, recognition
performance within the blocked order condition was still not
significantly better in the congruent than in the incongruent
condition (log OR = 0.06, 95% CI [−0.03, 0.15], z = 1.39,
p = .165),whereas thiswas the casewithin the randomorder
condition (log OR = 0.09, 95% CI [0.00, 0.18], z = 2.04,
p = .041).8 Thus, controlling for primacy effects did not
change the results.
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