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Abstract

Each action results in a variety of effects, and the extent to which an effect is
compatible with the action that produced it may influence the strength of the link between the
action and the effect in memory. Two experiments addressed this role of action-effect
compatibility on the acquisition of action-effect bindings and the retrieval of actions upon
reencountering their effects. Participants engaged in a sequential prime-probe task. In prime
trials, a freely chosen keypress caused a spatially (in)compatible box movement followed by
the presentation of a word. In the subsequent probe trials, another free-choice action was to
be executed upon presentation of the same or a different word. Overall, when prime words
repeated in the probe, participants were more likely to also repeat the action, indicating
action retrieval by effect presentation. Importantly, this influence was larger after compatible
than after incompatible prime episodes. Possibly, compatible effects were more strongly
bound to their corresponding actions than incompatible effects, leading to higher rates of
action retrieval when the same effects were reencountered. However, the influence of action-
effect compatibility did not extend to the declarative memory for effect identities. These
findings suggest that, in short-term contexts, action-effect compatibility plays a crucial role in
action-effect binding and retrieval.
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The ideomotor principle is the assumption that actions are represented by their
perceivable effects (James, 1890; Harless, 1861). Specifically, it holds that cognitive links
between a body movement (the cause) and its perceptual effects (the consequences) are
acquired. Once such links are acquired, they can be activated in the direction reversed to
acquisition (from consequence to cause) such that activating codes of a previous action
effect retrieves the body movement that produced it. In a seminal study, Elsner and Hommel
(2001) demonstrated that an effect (E) can indeed retrieve the action (A) that has previously
produced it. In a learning phase, participants freely chose left or right keypresses which were
contingently followed by tones of high or low pitch. In a subsequent test phase, the same
tones were presented. Participants were faster (and more likely) to respond to these tones
with the keypress that had previously produced them than with the other keypress. This
study as well as related ones (e.g., Elsner & Hommel, 2004; Hommel et al., 2003; Ziessler et
al., 2004) convincingly show that multiple encounters of the same episode can generate A-E
links.

Dutzi and Hommel (2009) furthered this idea by zooming into single encounters of A-
E pairings. Instead of letting participants experience multiple contingent A-E mappings, they
varied these mappings between trials. Each trial started with a prime in which a freely chosen
left or right keypress produced one of two tones. In an immediately following probe, the same
or the other tone was presented and required a keypress. Again, participants were more
likely to respond to the probe tones with the keypress that had produced them in the prime
than with the other keypress (see also Moeller et al., 2016, 2019). That even single
encounters can lead to A-E integration is a prediction made by the Theory of Event Coding
(Hommel et al., 2001). It states that during any episode, codes relating to the features of this
episode become activated and integrated, forming a feature compound called an event file
(Hommel, 1998, 2004, Frings et al., 2020, 2024). Such features pertain to the action (e.g. left
or right), as well as to the stimuli that prompted the action, and the effects the action

produced (e.g. high or low pitch). In a later episode, reencountering for instance an effect
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feature should then retrieve other features, such as the action (Frings et al., 2020, 2024).
Such feature binding and retrieval can easily explain the effects described above.
Action-Effect Compatibility

It is important to consider, however, that any action results in a multitude of effects
(e.g. pressing a key does not only produce a tone, but also the sensation of force being
exerted on the fingertip, the visual impression of the key being pressed, etc.). Overall, it
seems as if more salient and more relevant effects generally have better chances for binding
with and retrieving the preceding action (Dutzi & Hommel, 2009; Hommel, 1993; Ziessler et
al., 2004, Janczyk, Yamaguchi, Proctor, & Pfister, 2015; Mocke et al., 2020). Here we
addressed another, in our view understudied, determinant for A-E binding and retrieval, that
is, action-effect compatibility (AEC). To illustrate, imagine scrolling on your computer.
Chances are high that if you are using a mouse wheel, you must move your finger
downwards to make the displayed content move upwards. If you use a touchpad instead, you
will likely have to move your fingers upwards to produce the same effect. The former A-E
mapping is considered incompatible and the latter compatible with respect to the spatial
feature dimension shared by the action and the effect (i.e., horizontal direction: up vs. down),
while a compatible relationship seems to benefit performance (Chen & Proctor, 2013).

There are various reasons why binding and retrieval might depend on such AEC.
First, bindings between actions and incompatible effects might not be acquired in the first
place. For instance, incompatible effects might receive less attention. Moreover, such
bindings might be hard to acquire as they contradict pre-experimentally established
associations between motor patterns and their (typically) compatible perceptual effects (e.g.,
moving a hand upwards produces the visual experience of the hand moving upwards).
Second, even if incompatible A-E bindings are formed, the system might not retrieve the
corresponding action upon perception of an incompatible effect, for instance, to prevent the
production of such conflict-laden episodes. This is supported by the observation that even
only anticipated incompatible action effects already hamper the execution of the actions

producing them (Kunde, 2001). Moreover, A-E incompatibility has been shown to reduce the
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feeling of being in control of the particular action (e.g., Hon & Yeo, 2021; Tsuji & Imaizumi,
2022; Schwarz et al., 2022), that is, the sense of agency (Haggard, 2017). Episodes with
weaker sense of agency might be less prone to binding and/or retrieval. In an experiment by
Hon and Yeo (2021), participants freely chose to press one of two keys (top vs. bottom) in
each trial (A), which produced a compatible or incompatible vertical box movement on screen
(Effect 1, E1). At its final position, a word appeared in the box (Effect 2, E2). These effect
words differed with respect to their location (Effect feature E2.1) and their identity (Effect
feature E2.2). Although participants were not instructed to memorize these words, their
memory of words in a final recognition test was better for words following a compatible action
effect than for words following an incompatible one. AEC thus affected (at least declarative)
memory for effect words (see also Schreiner et al., 2024; but see Tsuji & Imaizumi, 2022).
The Current Studies

The main aim of the current investigation was to test a potential modulating influence
of AEC on the acquisition of A-E bindings and A retrieval by E reencountering. We did this by
examining short-term episodic binding and retrieval processes for A and E features in a
sequential prime-probe paradigm. For this purpose, we modified the task by Hon and Yeo
(2021) in the following way: Each prime trial with a free-choice keypress producing an
(in)compatible box movement (E1) and an effect word (E2), was followed by a probe trial, in
which either the same or a different word was centrally presented in a perceptually different
box. Upon presentation of this display, participants were asked to freely choose one of the
action alternatives. This way, we could test whether a probe effect identity (here: a word)
retrieves the prime action that has formerly produced it (here: a keypress), and if this
tendency is more pronounced if the prime A-E episode (here: the keypress and the resulting
box movement) had been compatible compared to incompatible.

With the current paradigm, there are different possibilities for event file formation and
retrieval after a prime episode, as illustrated in Figure 1 (bottom panel). The hypothesized
retrieval of a keypress by reencountering a word identity would require this word identity to

be directly bound to the keypress (Direct Retrieval in Figure 1). In both experiments, the word



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

ACTION EFFECT COMPATIBILITY IN BINDING 6

identity might however also be bound to the box movement. This movement direction should,
in turn, be bound to a keypress via instruction (e.g., if you press the top key, the box will
move upwards; Via Instruction in Figure 1). At least in Experiment 1, the word identity could
also be bound to the word location, which might in turn prime a keypress location (Priming in
Figure 1). These latter two retrieval paths offer mechanistic explanations for the
hypothesized modulating influence of compatibility, both of which we identified post-hoc (see
General Discussion, and Discussion of Experiment 1, respectively).

Apart from the effect of AEC on episodic binding and retrieval, we further tested if we
could replicate the modulating influence of AEC on declarative long-term memory for the
effect identities. To do so, we instructed participants to memorize the prime words for later
memory test.

Hypotheses

We preregistered three hypotheses, all of which were directed. First, we hypothesized
that in probe trials, there should be an increased proportion of action repetitions for effect
identities that are repeated from the previous prime trial than for words that change
compared to the previous prime trial (Hypothesis 1). Second, we hypothesized that the
tendency to repeat the prime action in probe trials upon word repetitions compared to word
changes should be more pronounced if a compatible compared to an incompatible E1 (i.e.,
box movement) was produced by the prime action. That is, because compatibility between
an action and its effect facilitates A-E binding and/or retrieval compared to incompatibility
between an action and its effect (Hypothesis 2). Third, we hypothesized that declarative
memory is better for effect identities that were compatible with the preceding action in the
prime trials than for effect words that were incompatible with the action (Hypothesis 3).
Transparency and Openness

For both experiments we report how we determined our sample size, all data
exclusions, all manipulations, and all measures in the studies, and the studies follow JARS
(Appelbaum et al., 2018). All raw data, analyses scripts and experimental material are openly

available at the Open Science Framework (Schreiner et al., 2024; https://osf.io/b6h4s/). Data
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were analyzed using R (version 4.3.1, R Core Team, 2023). Models were fit using the R
packages Ime4 (version 1.1-35.1, Bates et al., 2015) and ImerTest (version 3.1-3,
Kuznetsova et al., 2017). Further packages that were used are the tidyverse collection
(version 2.0.0, Wickham et al., 2019), here (version 1.0.1, Miller, 2020), papaja (version
0.1.2, Aust & Barth, 2023), and schoRsch (version 1.10, Pfister & Janczyk, 2022). According
to the ethical guidelines of the German Society for Psychology (DGPs) and regulations of the
local ethics committee, ethics approval is not required for research that provides signed
informed consent from study participants, collects data anonymously, and has no
foreseeable negative impact on participants. Since these criteria were met, no explicit ethical
approval was required. All data was collected in 2023 and 2024. Both experiments’ designs,
hypotheses, and analysis plans were preregistered (Experiment 1:

https://doi.org/10.17605/0OSF.I0/49R5U; Experiment 2:

https://doi.org/10.17605/0OSF.10/JQH2P).

Experiment 1

In the first experiment, we investigated AEC with two vertically aligned keys as action
alternatives (A) and subsequent vertical box movements followed by word presentations (E).
In a first phase, employing a sequential prime-probe task, participants chose freely between
the top or bottom key (A), which produced a spatially (in)compatible up- or downwards box
movement (E1) and the onset of a word at the box’s final position at the top or bottom of the
screen (E2). For an illustration of these prime trials see Figure 1. In the probe trials,
participants were then presented either the same or a new word in a perceptually different
box and were again to freely choose one of the actions. In a final phase, participants were

asked to freely recall words from the prime trials.

Figure 1

Prime Trials with their Features and Possible Retrieval Paths in Both Experiments
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Experiment 1 Experiment 2
Effect 2 Feature (E2.2): Effect 2 Feature (E2):
Word Identity | Word ldentity

Effect 2 Feature (E2.1):
Word Location

Effect 1 Feature (E1)
[ Movsment Direction

Instruction:

compatible A-E link compatible

Action (A): r# : )
t / incompatible Keypress Location incompatible
< ¥
£
Direct Retrieval Via Instruction Priming Direct Retrieval Via Instruction
(E2.2 > A): (E22 > E1> A) (E2.2 > E2.1 > A): (E2 > A): (E2 > E1= A):

Word identify retrieves Word identity retrieves Word Identity retrieves Word identify retrieves Word identity retrieves
Keypress Location [directly] Movement Direction [retrieves Word Location [primes Keypress Location [directly] Movement Direction [retrieves
Keypress Location] Keypress Location] Keypress Location]

Note. For each experiment, features that vary between trials are depicted. Box movement
(Effect 1) and word onset (Effect 2) are temporally distinct events. The bottom panel shows
possible event files and corresponding retrieval paths for the keypress location when the
word identity from a compatible prime is presented in the probe. A = Action; E1 = Effect 1; E2

= Effect 2; A-E = Action-Effect.

Method
Participants

A sample size of N = 184 allowed to test Hypotheses 2 and 3 with a power > .90, and
Hypothesis 1 with a power > .80. This sample size was based on an a priori power simulation
using the R packages simr (version 1.0.7, Green & MacLeod, 2016) and SimDesign (version
2.1.3, Chalmers & Adkins, 2020) based on data from a pilot study (N = 15) and included an
oversampling rate of 15% to account for potential data exclusions. Because of lacking data
transfer due to technical issues (N = 6) as well as due to participant exclusions (N = 9, see
Data Exclusions section), the final sample consisted of N = 169 participants (Mage = 41.0
years, SDage = 13.3, 80 female, 84 male, 5 not disclosing their gender, 141 right-handed, 20

left-handed, 3 ambidextrous, 5 not disclosing their handedness). Participants were native
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English speakers with corrected-to-normal vision recruited via Prolific. They received a
compensation of 2.30 GBP for the 15-minute experiment.
Design

We used a 2 (compatibility: compatible vs. incompatible) x 2 (word relation: repetition
vs. change) within-subjects design. We manipulated the compatibility between keypress
location and box movement (here: vertical) direction in the prime trials and whether the same
or a different word appeared in the subsequent probe trial. Our main dependent variables
were action repetition in the probe trials (yes/no) and free recall accuracy (yes/no) in the
recall phase.
Stimuli

The word stimuli were 120 English nouns taken from the Glasgow Norms (Scott et al.,
2019). All nouns were of equal length (four letters) and of neutral emotional valence (mean
ratings between 4.5 and 5.5. on a 9-point scale). Words were further selected to have mean
arousal ratings between 3 and 5 on a 9-point scale, to have mean imageability ratings
between 5 and 7 on a 9-point scale, and to have mean concreteness ratings between 5 and
7 on a 9-point scale. From the remaining 138 words, we excluded 6 plural forms, and then
hand-picked those 120 words that were most unambiguous with respect to their word class
and most common (see Appendix).
Procedure

The experiment was programmed using PsychoPy (Peirce et al., 2019) and hosted
online on Pavlovia (https://pavlovia.org/). Prior to the experiment, participants gave informed
consent and basic demographic information (age, gender and handedness). The study
employed a prime-probe phase with prime trials closely following the procedure used by Hon
and Yeo (2021, Experiment 2), a filler phase, and a recall phase (see Figure 2). The prime-
probe phase consisted of prime and probe trials that appeared in alternation. Each prime trial
began with a 500 ms fixation cross. Then, participants were presented with a white box on a
black background and made self-decided and -initiated up and down arrow keypresses (A).

They were instructed to avoid biases in the selection of keys. The box either moved into the
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ACTION EFFECT COMPATIBILITY IN BINDING 10

direction indicated by the keypress (compatible condition) or in the opposite direction
(incompatible condition). This box movement lasted 400 ms (E1). The box then stopped at
25% or 75% screen height, and a word was presented in the box center for 500 ms (E2).
Participants were instructed to remember these prime words, as their memory regarding
them would later be tested. Each prime trial ended with an intertrial interval (ITl) of 500 ms.
In probe trials, a fixation cross was first presented for a duration randomly jittered between
400 to 600 ms (increments of 10 ms). Then, a word appeared in the screen center,
superimposed on a gray box. Participants were again instructed to make self-decided and -
initiated up and down arrow keypresses. Upon an action by the participant, the box
disappeared. After an ITI of 700 ms the next (prime) trial started. The prime-probe phase
consisted of 80 such prime-probe dyads. For the primes, eighty words (40 per compatibility
condition) were randomly drawn from the pool of 120 words. The remaining 40 words were
used as new words for the word change condition in the probes. The order of word repetition
and word change trials, as well as the order of compatible and incompatible trials were
independently randomized?. Before the prime-probe phase, participants underwent four
practice trials (one per compatibility x word relation condition) in random order to familiarize
them with the procedure. In the practice trials, “word1” and “word2” were used as words.
After the practice trials, participants received feedback on their keypress frequencies (0%,
25%, 50%, 75% or 100% proportion per key action) in the prime trials to sensitize them to the
instruction of avoiding biases in action selection. After the prime-probe phase, participants
conducted a filler task during which they had to solve randomly generated arithmetic tasks
for one minute to avoid recency effects. After the filler phase, participants conducted an
intentional free recall test in which they were asked to recall as many words from the prime

trials as possible. They had to spend at least one minute trying to recall words. At the end of

1 While the independent manipulation of compatibility and word relation reduced predictability
of word repetition, it lead to slightly unbalanced trial numbers per experimental cell for some
participants. Repeating the analyses with deviation as covariate however yielded the same results as
the preregistered analyses (see online supplements, https://osf.io/b6h4s/).
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the experiment, participants indicated whether there are reasons their data should be

excluded from the analyses and gave comments regarding the experiment.

Figure 2

Procedure of Experiment 1

Prime-Probe Phase (80 Trials)

Intertrial Interval
700 ms

Probe Stimulus
Until Response

Fixation Cross
400-600 ms

Intertrial Interval

500 ms
Wﬂrd OHSEt 1
500 ms
Box Movement
400 ms
Prime Stimulus — c /
E —

= 1
c
/

Fixation Cross
500 ms

Filler Phase Recall Phase

Filler Task Free Recall
1 minute min. 1 minute

Data Analysis

The tests of Hypotheses 1 and 2 were conducted using a generalized mixed linear
model (see Goldstein, 2011) with a logit link function. Action repetition (1 = yes, 0 = no) in the
probe trials served as the binary dependent variable. The analysis was thus conducted on
the trial- instead of on the aggregate level (see Hoffman & Rovine, 2007). Compatibility and
word relation, as well as their interaction, served as the binary independent variables (fixed
effects). The model further included random person intercepts.

The test of Hypothesis 3 was also conducted using a generalized mixed linear model
with a logit link function. Correct recall (1 = yes, 0 = no) served as the binary dependent
variable. Only recalled words that had occurred in the prime trials were considered for this
analysis. Compatibility condition served as the binary independent variable. Because some

words could occur both in the prime and probe trials (i.e., the words in the word repetition
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condition), we controlled for these differences in exposure by including word repetition as a
binary control variable in the model. The model further included random person and item
(i.e., word) intercepts as crossed random effects.

We used effect coding for all independent variables and the conventional significance
level of a = 5%. As our hypotheses were directed, the critical tests were one-tailed, and we
report one-sided p values (pos). Tests of the other fixed effects were two-tailed, and we report
two-sided p values (pws). We further report two-sided 95% Wald confidence intervals (ClI) for
all fixed effects.

Data Exclusions

We excluded participants whose proportion of pressing one of the keys in the prime
trials was higher than .80 (N = 5). Further, we excluded participants who processed less than
two arithmetic tasks in the filler phase and participants who failed to respond correctly to any
task (N = 3). At the end of the experiment, we asked participants to indicate whether there
were any reasons their data should not be used for the analyses and excluded them if
appropriate (N = 1).

Results
Hypotheses 1 and 2: Action Repetitions

The proportion of action repetitions by compatibility and word relation is depicted in
Figure 3. The analysis of probe actions yielded significantly more action repetitions with word
repetitions (M = .48, SD = .27) than changes (M = .45, SD = .27), b = 0.09, 95% CI [0.05,
0.13], z = 4.30, pos < .001. Surprisingly, there were more action repetitions in the
incompatible (M = .50, SD = .26) compared to the compatible condition (M = .42, SD = .29), b
=-0.22, 95% CI [-0.26, -0.18], z = -10.89, pis < .001. Importantly, the effect of word relation
on action repetitions was maore pronounced in the compatible than in the incompatible
condition, b = 0.11, 95% CI [0.07, 0.15], z = 5.30, pos < .001. Post-hoc tests revealed
significantly more action repetitions in the word repetition (M = .46, SD = .32) than in the
word change condition (M = .39, SD = .30) in compatible trials, log odds ratio (log OR) = -

0.39, 95% CI [-0.50, -0.28]], z = -6.74, ps < .001, but no such difference between word
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repetition (M = .50, SD = .28) and change (M = .51, SD = .27) in the incompatible trials, log

OR = 0.04, 95% CI [-0.07, 0.15], z = 0.73, pis = .463.

Figure 3

Mean Proportion of Action Repetitions Depending on Word Relation and Compatibility

Experiment 1 Experiment 2
*
75 - i 75 - ' '
OWord Repetition *kk
OWord Alternation

70 70 Il *xk
2 g |
% t I
© 65 - + 65 |
5 2
£.60 - ek £.60 1 I
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Q 2
£ 55 n.s. £ 55 1
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] | 1 ] ] 11 l ] ] 11 ] | L1 ]
Compatible Incompatible Compatible Incompatible

Note. Errors bars depict standard errors of the paired differences (SEpp) according to Pfister
and Janczyk (2013). The depicted comparisons relate to the simple main effects of
compatibility, as well as the word relation x compatibility interaction. P-values one-sided for
the two-way interaction, and two-sided for the simple main effects. n.s. = not significant. *p <

.05, **p < .01. **p < .001.

Hypothesis 3: Memory for Effect Words

Mean memory performance (recall of effect words) is depicted in Figure 4. Recall
performance for effect words was significantly improved after having seen a word twice (i.e.,
in the prime and in the probe, M = .08, SD = .08) compared to only in the prime (M = .07, SD

=.06), b =0.08, 95% CI [0.02, 0.15], z = 2.41, pis = .016. However, the proportion of recalled
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words did not differ between the compatible (M = .07, SD = .07) and incompatible (M = .07,
SD = .07) conditions, b = 0.04, 95% CI [-0.02, 0.11], z = 1.23, pes = .110, and the effect of
word relation was not modulated by compatibility, b = 0.04, 95% CI [-0.03, 0.10], z = 1.08, prs

=.282.

Figure 4

Mean Memory Performance for Effect Identities

Experiment 1 Experiment 2

10 1 OWord Repetition 1.10 1

OWord Alternation
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9 4 1.05 1
] ]
w
5]
H 8 4 1.00 1
D\? l
= g
3 L
[}
= L 2] b
§ 7 l ] ? 0.95
4 l ©
c
o
S 64 0.90 1
(o8
o
o
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Compatible Incompatible Compatible Incompatible

Note. Errors bars depict standard errors of the paired differences (SEpp) according to Pfister
and Janczyk (2013). The depicted comparisons relate to the (main) effect of compatibility.

n.s. = not significant.

Discussion

Experiment 1 yielded evidence for A-E binding and retrieval, because the
presentation of effect words in the probe trials promoted the action that had produced this
effect identity in the preceding prime trial (Hypothesis 1). This effect of word repetition
however emerged only after compatible, but not significantly after incompatible prime trials.

Thus, it seems as if AEC modulated binding and retrieval for actions and effect identities, as
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expected (Hypothesis 2). A closer look at the procedure however suggests an explanation for
this modulation that has less to do with the evaluation of an episode as (in)compatible and
more with differences between stimulus characteristics in the compatibility conditions.
Possibly, not the action location itself (i.e., the key that had been pressed) was retrieved by
reencountering a word (Direct Retrieval in Figure 1), but instead the word location (Priming in
Figure 1). If so, then a strong driver of the modulating effect would have been bindings
between different features of the effect words, that is, between their identity (E2.2) and their
location (E2.1). Such bindings seem reasonable given that word identity and location relate
to the same object (i.e., the word, E2). Retrieving the word location (e.g., top) when seeing
the word identity again in the probe might prime an action at the corresponding location (i.e.,
top). In incompatible trials, adjusting the keypress accordingly would lead to relatively more
action changes (less action repetitions) from prime to probe, whereas in compatible trials, the
word location matches the location of the prime key, which would lead to less action changes
(more action repetitions). This influence would produce the same interaction pattern as an
influence of AEC would, and as we observed.

The fact that effect words always carried location information can also account for the
observation that generally, action repetitions were more frequent after incompatible prime
trials. Specifically, incompatible in this task meant that the probe word was (compared to the
prime word) at the same relative position as the prime keypress. Put differently, after
incompatible primes, the gray probe box appeared relatively lower (higher) compared to the
white prime box after a bottom (top) keypress. If participants chose their probe response in
line with this relative location of the gray box, this would promote action repetitions. In
contrast, after compatible primes, the gray probe box appeared relatively higher (lower)
compared to the white prime box after a bottom (top) keypress, prompting action changes.

The results of the free recall test suggest that words that were seen twice were better
memorized. There was however no significant effect of compatibility. The free recall
performance was generally low, providing rather poor power for detecting such an effect. To

eliminate the described effects of word location, as well as to test for an effect of AEC on
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declarative memory for effect identities by means of a different measure, we conducted a
second experiment.
Experiment 2

In the second experiment, we investigated AEC with two horizontally aligned keys as
action alternatives (A) and subsequent box rotations (E1) followed by word presentations
(E2). Participants were instructed that the left key would rotate the white prime box
counterclockwise and the right key would rotate it clockwise, which aligns with pre-
established A-E links (Guiard, 1983; Wang, Proctor, & Pick, 2003). This way, prime episodes
still entailed compatibility, but effect words always appeared in the same location (i.e.,
centrally), eliminating any possible influence of word location (i.e., the option Priming in
Figure 1). Additionally, the final phase in this experiment was a recognition, instead of a free
recall test, to increase memaory performance regarding effect words, and thus increase power
for Hypothesis 3. All hypotheses were the same as for Experiment 1.
Method
Participants

We collected data from a new set of 184 participants. This sample size allows to test
Hypothesis 2 with a power > .90, and Hypotheses 1 and 3 with a power = .80 in Experiment
2. The sample size again included an oversampling rate of 15% to account for potential data
exclusions. Because of participant exclusions (N = 14, see Data Exclusions section), the final
sample consisted of N = 170 participants (Mage = 35.8 years, SDage = 11.6, 81 female, 83
male, 6 not disclosing their gender, 146 right-handed, 14 left-handed, 4 ambidextrous, 6 not
disclosing their handedness).
Design

We again used a 2 (compatibility: compatible vs. incompatible) x 2 (word relation:
repetition vs. change) within-subjects design. We manipulated the compatibility between
keypress location (A) and movement (here: rotation, E1) direction in the prime trials and
whether the same or a different word (E2) appeared in the subsequent probe trials. Our main

dependent variables were action repetition in the probe trials (yes/no) and recognition



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

ACTION EFFECT COMPATIBILITY IN BINDING 17

performance (yes/no) in the recognition phase. In this experiment, compatibility and word
relation were orthogonally varied.
Stimuli

The same 120 stimuli as in Experiment 1 were used for the prime-probe phase. For
the recognition test, 40 additional words were selected as novel foils from the Glasgow
Norms (Scott et al., 2019). All 40 were of equal length (four letters), of neutral emotional
valence (mean ratings between 4.5 and 5.5. on a 9-point scale), had mean arousal ratings
between 2.5 and 5 on a 9-point scale, imageability ratings between 5 and 7 on a 9-point
scale, and concreteness ratings between 2.5 and 7.5 on a 9-point scale.

Procedure

The procedure was similar to Experiment 1. The most crucial difference was that in
each prime trial, the white box was initially rotated by 90 degrees (i.e., orthogonal to its final
position). A keypress (A) did not move the box in a vertical direction as in Experiment 1, but
instead rotated it by 90 degrees so that it would end up in the same horizontal orientation as
the white boxes in Experiment 1 (E1). To produce this rotation, participants pressed the “N”
(left) key or the “M” (right) key. The “N” key was associated with a counterclockwise rotation
of the box and the “M” key with a clockwise rotation, both via instructions and via an image
depicting this association which was presented below the vertically oriented box. This image
disappeared after participants pressed a key. Participants were again instructed to avoid
biases in the selection of response keys. The box then either rotated in the direction
indicated by the keypress (compatible condition) or in the opposite direction (incompatible
condition) until it reached a horizontal orientation. This box movement lasted 500 ms. Apart
from these changes, the prime-probe phase was the same as in Experiment 1.

After the filler phase, participants conducted an intentional old/new recognition test
with 80 trials. Words were presented in the screen center and participants were asked to
determine whether the word was old (i.e., was shown previously in the prime-probe phase) or
new (i.e., was not shown previously in the experiment) by clicking one of two buttons on

screen (with button positions counterbalanced across participants). Each trial terminated
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upon a valid response, followed by a 250 ms ITI. To maximize recognition performance, the
40 words from the word repetition condition in the prime-probe phase were used as old
words. The remaining set of 40 words were new words that had not been shown during the
prime-probe phase (i.e., neither in prime trials, nor in probe trials in the word change
condition) and were the same for all participants.
Data Analysis

Tests for Hypotheses 1 and 2 were the same as in Experiment 1. Hypothesis 3 was
tested using a paired-samples t-test with d’ as the dependent variable and compatibility
condition as the independent variable. We calculated d’ from hit rates and false alarm rates
for each participant, separately for the two compatibility conditions. We applied the correction
suggested by Hautus (1995) when d’ could not be calculated due to extreme proportions.
Data Exclusions

We excluded participants whose proportion of pressing one of the keys in the prime
trials was higher than .80 (N = 1). Further, we excluded participants who processed less than
two arithmetic tasks in the filler phase and participants who failed to respond correctly to any
task (N = 9). At the end of the experiment, we asked participants to indicate whether there
were any reasons their data should not be used for the analyses and excluded them if
appropriate (N = 4).
Results
Hypotheses 1 and 2: Action Repetitions

The analysis of probe actions again yielded significantly more action repetitions with
word repetitions (M = .67, SD = .28) than changes (M = .60, SD =.30), b =0.22, 95% CI
[0.18, 0.27], z = 10.50, pos < .001 (see Figure 3). In contrast to Experiment 1, there were
more action repetitions in the compatible (M = .65, SD = .27) than in the incompatible
condition (M = .63, SD = .28), b = .05, 95% CI [0.01, 0.10], z = 2.55, pis = .011. Importantly,

the effect of word relation on action repetitions was again more pronounced in the compatible
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than in the incompatible condition, b = 0.05, 95% CI [0.00, 0.09], z = 2.18, pos = .0152%. Post-
hoc tests revealed significantly more action repetitions in the word repetition (M = .69, SD =
.28) than in the word change condition (M = .60, SD = .31) in compatible trials, log odds ratio
(log OR) =-0.54, 95% CI [-0.66, -0.42]], z = -8.91, pi < .001, and significantly more action
repetitions in the word repetition (M = .66, SD = .29) than in the word change condition (M =
.60, SD = .31) in the incompatible trials, log OR =-0.36, 95% CI [-0.47, -0.24], z = -5.94, pis <
.001.
Hypothesis 3: Memory for Effect Words

For Hypothesis 3, we tested the effect of compatibility condition on recognition
performance (see Figure 4). The difference between words from compatible (d’ = 0.95) and
incompatible episodes (d’ = 1.01) was not significant, t(169) = -1.50, pos = .466. Thus,
Hypothesis 3 was not supported.
Discussion

As Experiment 1, this second experiment revealed higher rates of action repetition
with word repetition. Despite eliminating the retrieval of word location as a potential cause, it
further showed a modulating influence of AEC on action retrieval. The effect of word relation
emerged in both compatibility conditions but was significantly larger after compatible than
after incompatible prime trials. Apparently, as hypothesized, binding and/or retrieval between
actions and their effects is more pronounced for compatible than for incompatible episodes.

One could still argue that reencountering the prime word (E2) in the probe might not
have directly retrieved an action (A), Instead, the word identity (E2) could have retrieved the
immediately preceding box rotation (E1) direction, which might in turn have retrieved the
keypress linked to this direction by instruction (Via Instruction in Figure 1). This keypress
would be identical to the actual A after compatible prime trials, but opposite to it after

incompatible primes. We acknowledge this explanation as a mechanistic specification (see

2 When using a repeated measures ANOVA (analysis of variance) instead of the preregistered
generalized mixed linear model, this word relation x compatibility interaction was also significant (pos =
.039).
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also General Discussion), which nevertheless does not diminish the more general conclusion
that AEC modulates action retrieval.

In contrast to Experiment 1, action repetitions in this experiment were more frequent
after compatible than after incompatible primes. This finding supports the explanation we
gave for the opposite effect in Experiment 1, that is, that this was due to the relative position
of the grey box when compared to the white box’s ending position. We can only speculate
why the effect of compatibility was reversed in Experiment 2. Possibly, experiencing a
compatible A-E episode enhances the tendency to execute the same action that came with a
high sense of agency in the prime trial. Note however, that this effect was modulated by word
relation, in that it only emerged when the word repeated from prime and probe.

With respect to declarative memory, also this second experiment did not yield a
significant influence of AEC on the memory of effect identities, despite using a higher-power
measure. This point will be addressed in more depth in the General Discussion.

General Discussion

Two experiments replicated previous findings that repeating an effect identity can
retrieve an action that had formerly produced this effect, even after a single encounter (e.g.,
Dutzi & Hommel, 2009). That is, because action repetitions were more frequent after word
repetitions than after word changes. This result is in line with the idea of short-term episodic
bindings between features of the same episode (i.e., event file formation) and subsequent
retrieval of features (here: actions) by reencountering other features (here: effect identities)
bound to them (Hommel et al., 2001; Frings et al., 2020, 2024). The effect identities used
here for retrieving the actions were word stimuli. By employing a sequential prime-probe task
in which bindings are formed after single episodes, the current studies hence extend
previous research that has already shown action retrieval by word stimuli, but only after
multiple A-E pairings (Hommel, Alonso, & Fuentes, 2003).

Action-Effect Compatibility Modulates Short-Term Binding and/or Retrieval
With the presented experiments, we could demonstrate that AEC modulates the

acquisition of A-E bindings and/or of action retrieval by effect presentation. We therefore
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identified an important boundary condition for feature binding and retrieval. Which of these
two processes is actually affected by AEC (if not both) is however still to be determined. As
initially argued, there are several reasons for why AEC should influence feature binding (e.qg.,
less attention to incompatible effects), or retrieval (e.g., prevention of conflict-laden
episodes). Also, a reduced sense of agency for incompatible A-E episodes could explain
both reduced binding and retrieval (e.g., Hon & Yeo, 2021; Tsuji & Imaizumi, 2022; Schwarz
et al., 2022). While these remain valid possibilities, we would like to spell out a more
mechanistic explanation which is based on a conflict between experienced prime A-E
episodes and already existing A-E links. Two A-E links were initially instructed and remained
constant throughout each experiment (Experiment 1: top key produces upwards movement,
bottom key produces downwards movement; Experiment 2: left key produces
counterclockwise rotation, right key produces clockwise rotation). The processing of a word
(E2) formerly following a movement (E1) might retrieve this movement’s direction, which
could in turn retrieve the keypress (A) this direction had been linked to by instruction. This
would work in favor of retrieving the actual prime keypress after a compatible prime, but
against it after an incompatible one, making the effect of AEC likely to be rooted in competing
retrieval processes (Direct Retrieval vs. Via Instruction in Figure 1). The former would rely on
bottom-up formed, experience-based bindings, and the latter additionally on top-down
maintained, instruction-based bindings. While the latter could have caused the obtained AEC
effect, note that after incompatible primes in Experiment 2, action repetitions were still more
likely after word repetitions than after word alternations. This strongly suggests that the direct
retrieval of the actual prime keypress generally exceeds the retrieval via instruction. This
might be due to the instruction-based path requiring an additional retrieval step (i.e., the
retrieval of E1 by the temporally delayed E2) as compared to the direct one.

Irrespective of the actual mechanism behind the effect of AEC on binding or retrieval,
the present results are in line with a recent study by Schreiner and Kunde (2024). Here,
participants also experienced multiple A-E encounters in a first phase by pressing one of two

keys in each trial which led to an (in)compatible vertical box movement followed by an effect
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image. Participants then performed a recognition test for these effect images, and, for each
recognized image, were asked which key had produced it in the first phase. Key recall was
better for images that had followed a compatible box movement than an incompatible one.
Note however, that here, as in our Experiment 1, it is not clear whether the key or the image
position had been recalled.

The effect of AEC on binding and/or retrieval observed here might also extend to
other types of bindings apart from action-effect bindings (e.g. stimulus-action bindings).
Pfister et al. (2019) addressed the possible role of compatibility for bindings between
irrelevant stimulus features (distractors) and action features. In fact, they highlighted a caveat
to investigating these bindings in a distractor-action binding paradigm (Frings, Rothermund,
& Wentura, 2007). In such a paradigm, the distractor can repeat or change from prime to
probe, and so can the action. The classical pattern is that when both features repeat (and
both retrieve each other) or both alternate (and no retrieval happens), probe performance is
superior as compared to when only one of the features repeats (partial repetition), and
therefore retrieves a mismatching prime feature. Pfister et al. (2019) argued that with this
method one cannot easily investigate the moderating role of prime compatibility as it is
necessarily confounded with probe compatibility. That is, because after compatible primes,
partial repetition trials will be incompatible probes while full repetition or full change trials will
be compatible (which enhances the classical pattern). At the same time, after incompatible
primes, partial repetition trials will be compatible while full repetition or full change trials will
be incompatible (which reduces the classical pattern).

We want to argue however that we separated the component of the effect that was
spatially (in)compatible to the action (i.e., the movement) from the component of the effect
that serves as a probe (i.e., the word). Resultingly, our probes did not carry actual AEC, but
only our primes did. The probes did not entail a spatial dimension in and of themselves, but
merely had the potential to retrieve a spatial component (e.g., an upwards movement) of the
prime. Thus, we believe to have circumvented the confound of probe compatibility with the

current paradigm.
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No Effect of Action-Effect Compatibility on Declarative Memory for Effect Identities
With two different measures, that is, with a recall and a recognition test, we could not
demonstrate an effect of AEC on the memory for the effect identities (i.e., words) presented
in the prime. Compatible effects were not memorized better than incompatible ones. This is
at odds with some earlier studies. Hon and Yeo (2021) for instance found better recognition
memory for compatible than incompatible effects. While their paradigm was very similar, it
also differed in some respects. Most notably, they did not have any probe words. The study
by Schreiner et al. (2024) also yielded an effect of AEC on declarative memory, but again
without probe trials. Therefore, the probe trials in the sequential prime-probe paradigm
employed in the present experiments may have caused interference in memory and
subsequently prevented the emergence of an effect of AEC on memory for effect identities.
All'in all, the present research suggests that compatible effects are more strongly
bound to the actions that had produced them than incompatible effects are. This influence of
AEC manifests in higher rates of retrieving actions by re-encountering their former
compatible (compared to incompatible) effects at a later occasion. This is at least true with
short delays between this occasion and the earlier (in)compatible A-E episode. While the
data supports a role of AEC on binding and retrieval strength, it did not support the notion of

declarative memory for effect identities being affected in a similar way.
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Appendix

Word Stimuli

120 words (Experiment 1 and 2): arch, axle, bank, barn, bead, beak, bean, beef, belt,
bone, boot, bowl, brow, bulb, cape, case, cave, cell, chin, clam, coke, comb, cord, cork, corn,
crab, crop, crow, deck, desk, dice, dish, dock, dome, dune, file, fish, foam, foil, foot, fork,
gate, gear, glue, goat, golf, heel, herd, hill, hood, hoof, horn, inch, iron, jeep, jury, knot, lamp,
lane, limb, lime, line, list, lock, maid, mall, mask, mast, meat, mill, monk, moss, nail, navy,
nose, oven, pear, peel, pier, pine, pipe, pole, pond, pope, pork, port, post, rail, reel, rice,
road, robe, rock, roof, root, sail, salt, seat, sole, soya, stem, tail, tape, taxi, tent, text, tool,
tram, tube, turf, twig, tyre, veil, vein, vest, wing, wire, wood, yeti, yolk

40 additional words (Experiment 2): bark, blue, carp, chew, door, hall, lawn, loop,
mule, pail, pile, plug, roll, sink, soak, sock, soil, stir, tray, wall, wrap, yard, yarn, brew, bunk,

buoy, curb, feet, flap, fuse, logs, nuts, oats, oval, peas, poke, ribs, toes, veal, vole



