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According to ideomotor theory, human action control uses anticipations of one’s own actions’ future
consequences, that is, action effect anticipations, as a means of triggering actions that will produce
desired outcomes (e.g., Hommel, Miisseler, Aschersleben, & Prinz, 2001). Using the response-effect
compatibility paradigm (Kunde, 2001), we demonstrate that the anticipation of one’s own manual
actions’ future consequences not only triggers appropriate (i.e., instructed) actions, but simultaneously
induces spontaneous (uninstructed) anticipatory saccades to the location of future action consequences.
In contrast to behavioral response-effect compatibility effects that have been linked to processes of action
selection and action planning, our results suggest that these anticipatory saccades serve the function of
outcome evaluation, that is, the comparison of expected/intended and observed action outcomes. Overall,
our results demonstrate the informational value of additionally analyzing uninstructed behavioral com-
ponents complementary to instructed responses and allow us to specify essential mechanisms of the
complex interplay between the manual and oculomotor control system in goal-directed action control.
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Research on human behavior usually focuses on instructed
behavior. That is, participants are told how to respond to experi-
mental stimuli and only the instructed responses are regarded as of
interest. However, incidental, uninstructed movements that are
performed simultaneously with instructed responses (e.g., speech-
accompanying gestures or eye movements), might be an additional
source of information regarding ongoing cognitive processes. One
type of such uninstructed and often uninvestigated movements are
spontaneous eye movements, typically taking place during cogni-
tive tasks regardless of an experimental instruction to move one’s
eyes.

Here, we want to investigate both instructed manual responses
and uninstructed, spontaneous eye movements occurring during
goal-directed action. We propose that uninstructed, accompanying
movements, such as spontaneous eye movements, may not only
reflect cognitive processes that can also be inferred from instructed
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responses, but may possibly provide additional insights. We will
address this question in the area of ideomotor action control,
looking at mechanisms allowing humans to act voluntarily accord-
ing to their behavioral goals.

In recent years, the anticipation of one’s own actions’ future
consequences has been identified as a central mechanism for
selecting voluntary actions and controlling actions to realize goals
(e.g., Hommel, 2009; Hommel & Elsner, 2009; Hommel, Miis-
seler, Aschersleben, & Prinz, 2001; James, 1981/1890). According
to ideomotor action control theory, goal-directed action relies on
bidirectional action-effect associations (e.g., Elsner & Hommel,
2001, see Shin, Proctor, & Capaldi, 2010, for a review). These
associations are incidentally formed when actions are observed to
consistently evoke effects (Elsner & Hommel, 2001). Effects can
be both proximal sensory changes as well as distal changes in the
environment (e.g., Elsner & Hommel, 2001; Hommel, 2009). Once
action-effect associations have been formed, the anticipation of a
desired consequence triggers associated action, thus, realizing the
goal (e.g., Hommel, 2009).

The response-effect (R-E) compatibility paradigm (Koch &
Kunde, 2002; Kunde, 2001, 2003; Pfister, Kiesel, & Melcher,
2010) provides the opportunity of assessing the development of
action effect anticipation via its behavioral consequences. In
Kunde’s (2001) study four spatially aligned responses were paired
with four spatially presented action effect stimuli. Crucially, the
spatial mapping of responses and effects was R-E compatible (left
response » action effect on the left side) in one half of the
experiment and R-E incompatible (left response » action effect on
the right side) in the other half of the experiment. Kunde observed
that reaction times (RTs) were shorter for R-E compatible in
comparison with R-E incompatible mappings, suggesting that ac-
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tion effects had been anticipated before action, because stimuli that
occurred after the action could only have influenced its execution
by being anticipated beforehand.

Yet, current behavioral measures of action effect anticipation
allow only a very indirect assessment of effect anticipation over a
course of multiple trials via averaging. The same holds true for
electroencephalogram (EEG; e.g., Band, van Steenbergen, Rid-
derinkhof, Falkenstein, & Hommel, 2009; Nikolaev, Ziessler, Di-
mova, & van Leeuwen, 2008; Waszak & Herwig, 2007), positron
emission tomography (PET; Elsner et al., 2002), and functional
magnetic resonance imaging (fMRI; e.g., Kiihn, Seurinck, Fias, &
Waszak, 2010; Melcher, Weidema, Eenshuistra, Hommel, & Gru-
ber, 2008; Pfister, Melcher, Kiesel, Dechent, & Gruber, 2014)
correlates of anticipation. Presently, there is no online measure-
ment of action effect anticipation within a given trial. We propose
that spontaneous eye movements triggered during the process of
action effect anticipation might provide such an online measure-
ment.

So far, action effect anticipation in eye movements has only
been studied for saccades as a substitute of manual responses
(Herwig & Horstmann, 2011; Huestegge & Kreutzfeldt, 2012;
Verschoor, Spapé, Biro, & Hommel, 2013). In these settings, for
instance, eye-movement latencies were used as an alternative
means of assessing RT, but did not provide a direct assessment of
anticipation on a single-trial basis. For instance, Herwig and Horst-
mann (2011), in a learning phase, had their participants perform
saccades toward one of two neutral faces presented on the left and
right side of the screen. A saccade toward the left contingently
turned the neutral face into a smiling one and a saccade toward the
right made the face frown. In a subsequent test phase, the smiling
or frowning faces appeared in the middle of the screen and par-
ticipants had to either perform saccades to the location previously
associated with the respective face (R-E compatible) or toward the
opposite location (R-E incompatible). Replicating R-E compatibil-
ity studies using manual responses, Herwig and Horstmann (2011)
found the latency of saccades toward R-E incompatible locations
to be prolonged in comparison with saccades toward R-E compat-
ible locations.

We, however, suggest that eye movements might serve beyond
being mere replacements of manual responses. When we act to
reach a goal, that is, to produce an effect in the environment, we
shift attention toward the location of the expected effect. For
instance, when pointing or performing other spatially oriented
movements, humans are known to shift their attention toward the
spatial location of their movements’ end points (goal locations);
thus, facilitating the processing of stimuli appearing at these loca-
tions (e.g., Baldauf & Deubel, 2009; Baldauf, Wolf, & Deubel,
2006; see also Thomaschke, Hopkins, & Miall, 2012). This shift of
visual attention is not restricted to a vague directional shift, but can
also be exhibited toward specific goal locations. Here, we extend
the notion of action-related shifts in visual attention to include
distal effects of own actions, that is, visual stimuli produced by
own manual actions. We propose that when we act to reach a goal,
that is, to produce changes in the environment, not only is visual
attention shifted toward the location of environmental effects we
produce, but the shift in visual attention is also accompanied by
saccades toward these self-produced effects. Crucially, we hypoth-
esize that if an action predictably produces an effect in the envi-
ronment, eye movements toward the location of the expected effect
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might occur before the actual onset of the effect. Such anticipatory
saccades, that is, saccades to the location of an expected effect that
occur before effect onset, would not only indicate that the actor
anticipated the effect, supporting ideomotor theory, but also pro-
vide an online measure for action effect anticipation within a
single trial.

Evidence in favor of this idea comes from studies on stimulus-
based anticipatory processes and their reflection in eye move-
ments. For instance, monkeys pressing buttons according to illu-
minated target positions in a grid that followed a predictable
sequence started to exhibit anticipatory saccades in the direction of
future target positions after some practice (Miyashita, Rand, Mi-
yachi, & Hikosaka, 1996). Moreover, 3.5-month old infants have
been shown to demonstrate anticipatory fixations when a series of
stimuli are displayed in predictable sequence (Haith, Hazan, &
Goodman, 1988) and adults viewing natural dynamic scenes ex-
hibit anticipatory eye movements toward future changes in the
scene (Vig, Dorr, Martinetz, & Barth, 2011). Furthermore, oculo-
motor studies on everyday activities such as driving (Land & Lee,
1994), walking (Patla & Vickers, 1997), and playing cricket (Land
& McLeod, 2000) have demonstrated that we actively use antici-
patory gazes toward expected stimulus positions to gather envi-
ronmental information and to control upcoming actions. For in-
stance, when performing everyday action sequences like preparing
tea (Land, Mennie, & Rusted, 1999) or making a peanut butter and
jelly sandwich (Hayhoe, 2000) our gaze anticipatorily moves to-
ward the objects we will next interact with while we are still
engaged with the preceding steps of the action sequence (Land &
Hayhoe, 2001).

Such anticipatory eye movements, used for guiding upcoming
actions, are thought to proactively serve the monitoring functions
of locating objects for future use (locating), moving our gaze
toward objects we are about to interact with to obtain position
information (directing), guiding the movements of multiple objects
(guiding), and checking whether necessary preconditions for future
actions are met (checking; Land & Hayhoe, 2001; Land et al.,
1999; for an overview see Land, 2006, 2009). As anticipatory eye
movements in these situations are nearly always focused on task-
relevant objects, they seem to be primarily guided by top-down
processes in contrast to bottom-up processes like object salience
(Land & Hayhoe, 2001). In all these studies, anticipatory eye
movements in relation to subsequently occurring stimuli seemed to
coincide with the planning and control of own actions.

Crucially, research of anticipatory eye movements so far has
either exclusively focused on stimulus-based anticipations (i.e.,
when anticipations are not directly associated with one’s actions)
or the used paradigms did not allow for cleanly disentangling
possible sources of anticipation. For instance, in studies on purely
stimulus-based anticipatory processes (e.g., Haith et al., 1988),
stimuli occurred in a predictable sequence or according to predict-
able patterns allowing participants to predict ensuing stimuli. In
these studies, stimulus occurrence and/or position could not be
inferred from own actions. On the other hand, for instance, in
studies on anticipatory eye movements during everyday activities
(e.g., Hayhoe, 2000; Land et al., 1999), various types of anticipa-
tory processes may have caused the observed anticipatory eye
movements. Participants could either have performed anticipatory
eye movements because of stimulus-based anticipations or action-
based anticipations. For instance, when making tea, because of
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their prior experience with this action sequence, participants could
either have anticipated the sequence of stimuli they would interact
with via stimulus-stimulus associations (stimulus-based anticipa-
tion), anticipatorily guiding their gaze toward the next relevant
stimuli, or they could have anticipated the sequence of actions they
would have to perform (action-based anticipation) via response-
response associations, leading participants to direct their gaze
toward the goal locations of their ensuing movements. More im-
portantly, it is also possible that participants built up goal-directed
action-based anticipations in these situations that were based on
action-effect associations, that is, participants might have antici-
pated the predictable consequences of their actions and anticipa-
torily guided their gaze toward these action effects. The idea that
action effect anticipation not only takes place during action se-
quences, but is also crucial for learning sequential actions, is
supported by the finding that the learning of event sequences in a
serial reaction task is primarily based on response-stimulus asso-
ciations (i.e., action-effect associations) and not on stimulus-
stimulus or response-response associations (Ziessler & Nattkem-
per, 2001). Here, we aim to develop a basic paradigm that will
allow us to systematically study anticipatory eye movements based
on action-effect associations in goal-directed action independent
from other stimulus-based or action-based processes of anticipa-
tion. Specifically, we aim to focus on anticipatory eye movements
toward the future location of self-produced environmental effects.
Further, we intend to examine anticipatory eye movements in a
setting that is devoid of prior knowledge about action-effect con-
tingencies to investigate the development of such spontaneous
anticipatory eye movements. Finally, we want to assess the func-
tional relation of effect-generating manual actions and spontane-
ous anticipatory saccades.

The assumed checking function of anticipatory eye movements
in everyday action sequences (e.g., Land, 2006, 2009) already
points in the direction of action effect-related anticipatory sac-
cades, as the necessary preconditions participants had to check for
were, naturally, the consequences produced by their preceding
actions. Further indication of goal-directed anticipatory action
control comes from the previously mentioned study of Herwig and
Horstmann (2011) in which participants’ left and right saccades
made formerly neutral faces in the periphery smile or frown. An
interesting find was that effect-producing saccades in this experi-
ment landed closer to the mouth/eye-brow region of the neutral
face when their saccade would produce a smile/frown, respec-
tively. Herwig and Horstmann (2011) interpreted this as evidence
in favor of action effect anticipation, but did not conduct more
detailed, systematic analyses.

Based on these findings, here, we aim to develop a paradigm
that allows for the study of processes of action effect anticipation
while they are occurring. We intend to establish an online single-
trial measure of anticipatory processes, that is, anticipatory sac-
cades, because of goal-directed action-based anticipation. We
assume that goal-directed movements are accompanied by spon-
taneous anticipatory saccades directed toward the location of an-
ticipated future action consequences. These uninstructed anticipa-
tory saccades will provide us with a more detailed insight into the
underlying processes of ideomotor action control.

If we observed such spontaneous anticipatory saccades, directed
toward the position of future action consequences, two possible
functional relation between these anticipatory saccades and man-
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ual actions are conceivable. Either anticipatory saccades, like
manual actions, reflect the influence of action effect anticipation
on processes connected to action selection and action planning, or
anticipatory saccades are linked to outcome evaluation (see Band
et al., 2009; Verschoor et al., 2013). Whereas ideomotor theories
of action control are mainly concerned with the mechanisms by
which action-effect associations are formed and goal-directed ac-
tion is generated (thus, investigating action production via out-
come anticipation), cybernetic comparator models (e.g., Frith &
Wolpert, 2000; Wolpert & Flanagan, 2001; Wolpert & Ghahra-
mani, 2000) investigate the adjustment of motor actions via a
comparison of intended and actual effects of own actions (Hom-
mel, in press b). Ideomotor and comparator models are comple-
mentary in that action selection and action outcome evaluation
might represent two distinct functional aspects of one common,
underlying anticipatory process that emerges from learned action-
effect associations (Chambon, & Haggard, 2013; Hommel, in press
a). Thus, the same underlying mechanism (action effect anticipa-
tion) may be conveyed in two functionally distinct behavioral
aspects. Hence, if anticipatory saccades are mainly linked to action
selection, both manual and oculomotor measures of anticipation
should be strongly correlated. However, if eye movements
rather serve distinct outcome evaluation purposes, correspond-
ing anticipation-based effects can be relatively independent
from those in manual responses.

In this context, it has to be noted that the classic manual
response-effect compatibility effect (Kunde, 2001) does not di-
rectly measure whether response effects are anticipated but rather
reflects whether such mentally anticipated stimuli display charac-
teristics akin to those observed for actually presented stimuli, such
as spatial stimulus-response compatibility effects (e.g., Proctor &
Vu, 2006). Thus, the absence of response-effect compatibility
effects in manual RTs does not necessarily imply the absence of
effect anticipation, which might be more directly reflected in
anticipatory saccades toward future spatial effect locations. As
such, effects observed in manual responses are principally disso-
ciable from effects observed in saccade frequencies. Anticipatory
processes reflected in saccade frequencies could, therefore, either
be linked to a process of action selection (suggesting the functional
equivalence of anticipatory processes reflected in manual re-
sponses and saccade frequencies) or to a process of outcome
evaluation that functionally dissociates from the action selection
process reflected in manual R-E compatibility effects.

To test our assumptions regarding anticipatory saccades in goal-
directed action control, we conducted three experiments applying
the R-E compatibility paradigm with manual key presses serving
as instructed responses (see Figure 1A for the trial structure of
Experiment 1). In all three experiments, we systematically varied
the spatial R-E compatibility between actions (left vs. right key
presses) and their subsequent visual effects (colored circles ap-
pearing on the left vs. right side) and measured the occurrence of
anticipatory, that is, effect-congruent (SACC-E congruent; e.g.,
saccade to the right preceding an effect on the right), and counte-
ranticipatory, that is, effect-incongruent (e.g., saccade to the right
preceding an effect on the left), saccades (see Figure 1B for a
graphical description). We hypothesized that action effect antici-
pation would be reflected in a substantial amount of anticipatory
(i.e., effect-congruent) saccades. More specifically, we predicted
that before the occurrence of an action effect, participants would



ACTION EFFECT ANTICIPATION IN SACCADES

ITI
+ 1200 -1500ms

target
200 ms

response frame
forced choice, 600 ms

R-E interval
300 ms

R-E incompatible
action effect
500 ms

Figure 1.

R-E compatible
action effect
500 ms

1533

manual response

B ks
- >

Sy A

response-effect compatibility

R-E compatible R-E incompatible

action effect action effect
o
[ ==t
(o)
=
o
g &
c " : & i
o 9 saccade direction saccade direction
2 ©
o 2
c £
o @
o
-
u . .
aﬂ:’ action effect action effect
? —
® &
T S
m -
0o D
o =
©c Q
w 2
HOA saccade direction saccade direction
[&]
(9]
¥
) 4_{ g: > { g; },

(A) Structure of Experiment 1: A forced-choice target is followed by a blank screen response frame.

Participants’ left/right responses reliably triggered a lateralized action effect on the left or right side that ensued
after a fixed response-effect (R-E) interval. Actions and their effects were response-effect (R-E) compatible in
one half of the experiment and R-E incompatible in the other half. Trials were separated by a variable intertrial
interval (ITI). (B) Graphical description of the experimental conditions response-effect (R-E) compatibility (R-E
compatible vs. R-E incompatible) and saccade-effect (SACC-E) congruency (effect-congruent vs. effect-
incongruent). See the online article for the color version of this figure.

look significantly more often to the location of a subsequently
appearing action effect than in the opposite direction, a pattern that
we expected to observe in both R-E compatible and R-E incom-
patible conditions. Furthermore, in an exploratory analysis, we
wanted to gain first insights into the temporal dynamics of antic-
ipatory saccades in action control. Finally, two aspects of the study
allow us to test whether anticipatory saccades are based on the
same underlying mechanism (namely, action-based effect antici-
pation) as manual actions in the R-E compatibility paradigm. First,
the inclusion of action-effect incompatible conditions (and nondi-
rectional stimuli in Experiments 2 and 3) helps ruling out that
anticipatory saccades are solely driven by stimulus features (e.g.,
leftward saccades triggered by arrows pointing to the left).
Second, a free choice experiment (without action-defining stim-
uli) was included to exclude that oculomotor anticipations are
based on stimulus-effect (instead of action-effect) associations
(Experiment 2).

Experiment 1

Experiment 1 served as a first exploratory attempt to assess
spontaneous anticipatory saccades in the context of action effect
anticipation. In a forced-choice setting, participants performed left
and right key presses that systematically triggered spatially corre-
sponding (R-E compatible) action effects in one half of the exper-

iment and spatially noncorresponding (R-E incompatible) action
effects in the other half. To facilitate action selection as much as
possible and to enhance the chance of observing early saccades
even before action initiation, we used left and right arrows as
targets signaling the to-be-performed response. Please note that all
reported saccades occurred spontaneously in that participants did
not receive any instructions or information regarding their eye
movements before the experiment. Instead they were merely told
to attend to the stimuli and to respond fast and accurately.

Method

Participants. Twenty-two participants (7 men, 1 left-handed,
mean age = 21.8 years) were recruited and participated for course
credit. All participants had normal or corrected to normal vision. The
study was conducted in adherence to the standards set by the local
ethics committee. Three participants had to be excluded because of
problems with tracking their eye movements (tracking was repeatedly
lost, for instance, because of reflections on participants’ contact lenses
or glasses, so that eye movements could not be reliably assessed or
validation procedures revealed reoccurring deviations of more than
1.0° visual angle), resulting in a sample of 19 participants for analy-
ses. Note that because of the reduced sample, counterbalancing of the
sequence of R-E compatibility conditions (see below) was imperfect
(the group starting with the R-E incompatible condition included one
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surplus participant). This however, did not endanger the interpretation
of the results (see results section for details).

Apparatus. Participants sat approximately 60 cm from a 19”
CRT screen (1,024 pixels X 768 pixels, 60 Hz) in a dimly lit,
sound attenuated laboratory room. The index fingers of their left
and right hands rested on a left and right key. The experiment was
run via SR Research Experiment Builder (version 1.10.1025).

We used the Eye Link 1000 Desktop Mount (SR Research Ltd.,
Ontario, Canada) for eye movement tracking. Corneal reflection
and pupil diameter were measured via an infrared camera and eye
movements (right eye) were sampled at 1000 Hz with a spatial
resolution of 0.01° visual angle. Calibration and validation were
performed before the beginning of each block.

Design and procedure. The screen background was black
throughout the experiment. Experimental trials began with a variable
intertrial interval of 1,200 to 1,500 ms during which a white fixation
cross (0.6° visual angle) was presented centrally (see Figure 1 for trial
structure). The intertrial interval (ITI) was jittered to decrease the
temporal predictability of target stimuli. By this, we aimed to discour-
age participants from preparing manual responses before target pre-
sentation. The fixation cross was then substituted by a target (response
signal), a white arrow (1.9° visual angle, 200 ms) pointing either to the
right or left side, and participants were instructed to press the key
spatially corresponding to the direction of the target as fast as possible
while avoiding errors. Please note that key presses were to be per-
formed upon target offset to ensure that no visual stimulus was present
during responding. This was done to enable us to assess anticipatory
saccades already during action preparation. Both directions of arrow
targets occurred equally often. The brief target stimulus duration was
chosen, because we reasoned that the occurrence of uninstructed
saccades would be less likely while a stimulus was still present at the
screen center. The target was substituted by a blank screen response
frame terminated upon response and presented for 600 ms at maxi-
mum. Correct responses (left vs. right key presses) were followed by
another blank screen response-effect (R-E) interval of 300 ms before
the action effect ensued and remained on screen for 500 ms. Action
effects (2.8° visual angle) were red and green circles appearing left
versus right of the center of the screen at about 9.3° visual angle.
Action effect colors contingently followed responses (e.g., left key
presses were always associated with a green action effect circle)
whereas action effect position varied between the first and second half
of the experiment. Although the color manipulation was not a neces-
sary design feature, we reasoned that its inclusion might, to some
extent, distract participants from selectively focusing on spatial effects
of their actions only (given that in the real world action effects are
usually multidimensional). Action effects appeared spatially compat-
ible to responses (R-E compatible: e.g., left manual response » action
effect on the left side) in one half of the experiment and spatially
incompatible (R-E incompatible: e.g., left manual response » action
effect on the right side) in the other half. R-E Compatibility order and
action effect color assignment were counterbalanced across subjects.
Participants were not informed about the switch in R-E compatibility.
Premature and incorrect responses as well as response omissions
triggered appropriate feedback (premature response: “zu friih”/’too
early,” incorrect response: “Fehler!”/ error!,” response omission: “zu
langsam!”/"too slow!,” 1,000 ms) and the trial was aborted. The
structure of practice trials was equivalent, but practice trials did not
feature action effects.

PFEUFFER, KIESEL, AND HUESTEGGE

The experiment consisted of one practice block of 16 trials and
10 experimental blocks of 50 trials each. Participants were neither
informed about the initial R-E compatibility nor alerted to the
change in R-E compatibility at the midpoint of the experiment. At
the end of each block, participants had the opportunity to take a
self-paced break.

Participants were instructed to respond as fast and accurately as
possible. Furthermore, they were informed that colored circles, that is,
the action effect stimuli, would appear following their key press. They
were instructed to pay attention to these colored circles. Crucially,
instructions did not contain any information regarding eye move-
ments. We can therefore assume that all eye movements before the
onset of the action effect occurred spontaneously.

Preprocessing of saccade data. For the saccade analyses of
all three experiments, saccades were detected according to a com-
bined velocity (30°/s), motion (0.1°), and acceleration (8,000°/s)
threshold. Furthermore, for the analyses of possible anticipatory
saccades, we only included saccades occurring during the interval
between target offset (i.e., the signal to respond) and action effect
onset. Saccades occurring during target presentation were ex-
cluded. Note that as the target was presented for 200 ms and
participants could already select and prepare responses during
target presentation, we may not have been able to detect very early
anticipatory saccades in Experiment 1. Furthermore, to assess the
temporal relation of manual (i.e., effect-generating) actions and
saccades we divided the interval between target offset and action
effect onset into a preresponse and postresponse segment.

For the analyses of possible anticipatory saccades, we aimed for a
conservative strategy and counted only saccades that fulfilled several
criteria to be regarded as systematic saccades in either effect-
congruent or effect-incongruent direction. Saccades occurring in trials
with premature or incorrect responses as well as saccades occurring in
trials with response omissions were not counted as systematic sac-
cades (equivalent to 32 saccades from a total of 7,663 saccades that
occurred during the action effect anticipation interval across all par-
ticipants). Only saccades that started during the action effect antici-
pation interval and at fixation (*30 pixels/1.1° visual angle) were
counted as systematic (1,789 from a total of 7,630 saccades, 23.4%,
were not considered because of this criterion). We only analyzed
saccades that crossed at least one-third of the distance between sac-
cade starting point and action effect center (additional 909 from a total
of 7,630 saccades, 11.9%, were not considered) to ascertain that all
detected and reported saccades were systematically initiated and not
just small unsystematic saccades within the area of the central fixation
cross. For instance, saccades starting exactly at fixation had to cross a
distance of at least 3.1° visual angle (i.e., one-third of the distance
between fixation and the action effect at 9.3° visual angle) to be
regarded as sufficiently long. Moreover, we did not count saccades
that occurred in a trial that contained both effect-congruent and
effect-incongruent saccades (181 of 7,630 saccades, 2.4%), as we
could not draw any clear inferences regarding the processes underly-
ing these trials. Finally, we only counted saccades that occurred in a
trial that either contained only preresponse saccades or only postre-
sponse saccades to clearly distinguish the effects of these saccade
types (68 of 7630 saccades, 0.9%, were not considered because of this
criterion). Overall, after all preprocessing steps 61.4% of all saccades
were counted as systematic saccades in our analyses. Please note that
to estimate the relative frequency of trials with saccades (effect-
congruent or effect-incongruent) we did not exclude trials that con-
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tained unclear, noncountable saccades, but we considered these trials
as nonsaccade trials. Our rather conservative preprocessing criteria
were applied to support unequivocal conclusions regarding our result
patterns, but simultaneously may have led to an underestimation of
the actual frequency of anticipatory saccades. Post hoc analyses,
which also included saccades with short amplitudes as well as sac-
cades that did not start at the central fixation cross, showed that, for all
three experiments, the overall pattern of results remained the same as
reported below.

Results

Manual RTs and error rates. Trials with premature responses
(about 0.1%) and manual response omissions (about 0.7%) were
excluded. For the error analysis, the percentage of error trials (PE)
was computed separately for R-E compatible and R-E incompatible
trials. For the RT analysis, trials with incorrect responses were ex-
cluded. Note that the inclusion of trials in the RT and PE analyses was
independent of whether these trials contained saccades that did not
fulfilled the saccade preprocessing criteria. RTs deviating by more
than 3 SDs from their individual cell means were deemed as outliers
and excluded from RT analysis. R-E compatibility effects in PEs and
RTs were determined via paired ¢ tests.

The mean manual RT, measured from target offset, was 165 ms
and the mean error rate was 2.0%. Participants responded faster
and made less errors in R-E compatible blocks (RT: 153 ms, PE:
1.6%) than in R-E incompatible blocks (RT: 178 ms, PE: 2.5%),
RT: #(18) = 3.70, p = .002, d = 0.85; PE: #(18) = 2.84, p = .011,
d = 0.65." Additionally, the R-E compatibility effect was influ-
enced by RT percentile, but remained significant for all RT per-
centiles (see Online Supplemental Material).

Moreover, separate 2 X 5 repeated measures analysis of variances
(ANOVAs) with the within-subject factors R-E compatibility (R-E
compatible vs. R-E incompatible) and trial block (1-5) were con-
ducted for RTs and PEs. For RTs, this analysis revealed a significant
main effect of R-E compatibility, F(1, 18) = 13.77, p = .002, 3 =
43, with longer RTs in R-E incompatible compared with R-E com-
patible trials. The main effect of trial block failed to reach signifi-
cance, F' < 1. The interaction between R-E compatibility and trial
block was significant, F(4, 72) = 3.04, p = .023, T],z, = .14. Subse-
quent paired 7 tests showed that the R-E compatibility effect was
significant for all but the first block, block 1: #18) = 1.82, p = .086,
d = 0.42, block 2: #(18) = 2.80, p = .012, d = 0.64, block 3: /(18) =
3.19, p = .005, d = 0.73, block 4: #(18) = 4.03, p = .001, d = 0.92,
block 5: #(18) = 3.78, p = .001, d = 0.87. Thus, these results are in
line with the assumption that participants first have to learn the R-E
mapping contingencies before the anticipation of the effect location
can induce compatibility effects.

An equivalent analysis for PEs revealed a significant main effect
of R-E compatibility, F(1, 18) = 8.05, p = .011, nﬁ = .31, with
larger error rates for R-E incompatible than for R-E compatible
trials. The main effect of trial block, F < 1, and the interaction of
R-E compatibility and trial block, F(4, 72) = 1.50, p = 212, 1];2; =
.08, failed to reach significance.

Anticipatory saccades. The mean saccade latency, measured
from target offset, was 248 ms. The average saccade amplitude
was 6.57° visual angle. The average saccade velocity amounted to
123.8° visual angle per second.
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We assessed the emergence of anticipatory (i.e., effect-congruent)
saccades by computing the percentage of trials in which saccades took
place and by comparing the relative frequency of trials with effect-
congruent and effect-incongruent saccades. Note that an equal amount
of effect-congruent and effect-incongruent saccades would indicate a
lack of spatial action effect anticipation, whereas significantly more
effect-congruent than effect-incongruent saccades indicate successful
anticipation. To further examine the time course of effect-related
(effect-congruent/effect-incongruent) anticipatory saccades over the
entire experiment we assessed the relative frequency of saccade trials
separately for each block. Finally, we differentiated between saccades
in R-E compatible and R-E incompatible R-E conditions. This re-
sulted in the factors SACC-E congruency (trials involving effect-
congruent vs. effect-incongruent saccades), R-E compatibility (R-E
compatible vs. R-E incompatible), and trial block (trial numbers 1-50
vs. 51-100 vs. 101-150 vs. 51-200 vs. 201-250). A corresponding
2 X 2 X 5 Repeated Measures ANOVA was used to assess the
emergence of anticipatory saccades. Significant factor interactions
were further analyzed using appropriate Repeated Measures ANO-
VAs or paired ¢ tests. Greenhouse-Geisser correction was applied
where appropriate.

The analysis of the relative frequency of saccades revealed a
significant main effect of SACC-E congruency, F(1, 18) = 63.03,
p < .001, m3 = .78. Effect-congruent saccades (44.0% of trials)
occurred significantly more often than effect-incongruent saccades
(2.2% of trials; see Figure 2A for relative saccade frequencies).
Furthermore, we found a significant main effect of R-E compati-
bility, F(1, 18) = 13.70, p = .002, n,% = .43, with saccades
occurring more frequently in R-E compatible trials than in R-E
incompatible trials. Additionally, SACC-E congruency and R-E
compatibility significantly interacted, F(1, 18) = 17.76, p = .001,
M = .50. The frequency difference between effect-congruent and
effect-incongruent saccades was more pronounced in the R-E
compatible condition, #(18) = 9.36, p < .001, d = 2.15, compared
to the R-E incompatible condition, #(18) = 5.58, p < .001, d =
1.28. Moreover, we found a significant main effect of trial block,
F(4, 72) = 4.65, p = .008, m5 = .21, with relative saccade
frequencies rising with increasing trial block. SACC-E congruency
and trial block significantly interacted, F(4, 72) = 6.19, p = .002,
Mz = .26. Saccade frequency significantly increased over time for
effect-congruent saccades, F(4, 72) = 5.53, p = .004, n, = .24,
but did not change for effect-incongruent saccades, F(4, 72) < 1.
All other interactions failed to reach significance, Fs < 1.2

!'To ensure that these effects were not driven by the imperfect counter-
balancing in Experiment 1, we computed separate ¢ tests for all permuta-
tions of equal participant distributions (N = 18, 9 R-E compatible first, 9
R-E incompatible first). For both RT and PE analyses, this resulted in
significant effects of R-E compatibility for all permutations, RT: #s(17) =
3.38, ps = .004, ds = 0.80, PE: 1s(17) = 2.64, ps = .017, ds = 0.62.

2 The pattern of results did not change when controlling for the imbalance
in the number of participants across R-E compatibility order conditions. The
main effect of SACC-E congruency was significant for all counterbalanced
permutations of participants (N = 18), Fs = 55.50, ps = .001, 3 = .77.
Similarly, the main effect of R-E compatibility, Fs = 11.37, ps = .004, v} =
40, and the interaction of SACC-E Congruency and R-E compatibility, Fs =
15.16, ps = .001, 3 = .47, were significant for all permutations. Furthermore,
the main effect of trial block, Fs = 3.73, ps = .008, n,% = .18, and the
interaction of SACC-E congruency and trial block, s = 5.03, ps =< .006, 17 =
.23, were significant for all permutations. All other effects failed to reach
significance, Fs < 1.61, ps = .181, m3 = .09.
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Figure 2. Relative saccade frequency in (A) Experiment 1, (B) Experiment 2, and (C) Experiment 3 as a
function of saccade-effect (SACC-E) congruency (effect-congruent vs. effect-incongruent), response-effect
(R-E) compatibility (R-E compatible vs. R-E incompatible), and trial block. Error bars indicate SEs. Frequencies
are displayed relative to the total number of trials. R-E compatible and R-E incompatible saccade trials can each
reach 100%. See the online article for the color version of this figure.

To further assess whether anticipatory saccades were already
present very early at the beginning of the experiment or after a
switch in R-E compatibility (thus, after a few trials of experiencing
the R-E mappings), we conducted a 2 X 2 Repeated Measures
ANOVA with the factors SACC-E congruency and R-E compat-
ibility for the first R-E compatible and R-E incompatible block,
respectively. Like the overall analysis, this analysis revealed main
effects of both SACC-E congruency, F(1, 18) = 40.35, p < .001,

M7 = .69, and R-E compatibility, F(1, 18) = 6.09, p = .024, 1} =
.25. Effect-congruent saccades were significantly more frequent
than effect-incongruent saccades and saccades overall were signif-
icantly more frequent in R-E compatible blocks. Furthermore, we
found a significant interaction between SACC-E congruency and
R-E compatibility, F(1, 18) = 12.55, p = .002, n; = .41. Effect-
congruent saccades were significantly more frequent than effect-
incongruent saccades for both R-E compatible blocks, #(18) =
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6.46, p < .001, d = 1.48, and R-E incompatible blocks, #(18) =
4.02, p = .001, d = 0.92, with the frequency difference between
effect-congruent and effect-incongruent saccades being signifi-
cantly more pronounced in R-E compatible blocks.

Finally, to explore the temporal dynamics of the observed an-
ticipatory saccades, we conducted a 2 X 2 Repeated Measures
ANOVA with the factors SACC-E congruency and R-E compat-
ibility on saccade latencies. Please note that the overall frequency
of effect-incongruent trials was very low and only 16 participants
who provided trials in every cell were included in this analysis.
Thus, these findings should be interpreted cautiously.

The analysis of saccade latencies revealed a nonsignificant trend
regarding the main effect of SACC-E congruency, F(1, 15) =
4.033, p = .063, ; = .21, with effect-incongruent saccades (M =
239 ms) tending to occur earlier than effect-congruent saccades
(M = 274 ms). Furthermore, the main effect of R-E compatibility,
F(1, 15) = 590, p = .028, m3 = .28, and the interaction of
SACC-E congruency and R-E compatibility, F(1, 15) = 7.76,p =
014, m> = .34, reached significance. Overall, saccades on R-E
compatible trials were initiated faster (mean R-E compatible =
239 ms vs. mean R-E incompatible = 275 ms), yet only effect-
congruent, #(15) = 6.26, p < .001, d = 1.44 (mean R-E compat-
ible = 246 ms vs. mean R-E incompatible = 303 ms), but not
effect-incongruent, #(15) = 0.18, p = .857, d = 0.05 (mean R-E
compatible = 233 ms vs. mean R-E incompatible = 246 ms),
saccades showed faster latencies for R-E compatible trials in
comparison with R-E incompatible trials. Figure 3 illustrates sac-
cade latencies by displaying saccade frequencies as a function of
latency with trial time divided into 50 ms bins (ranging from 600
ms preresponse, 600 ms being the maximum RT limit, to 300 ms
postresponse, the occurrence of the action effect). 88.3% of the
observed saccades occurred after participants’ manual actions,
whereas 11.7% of the observed saccades occurred before manual
actions.

Correlations. Furthermore, we correlated participants’ mean
manual RT and mean saccade latency for trials with effect-
congruent (i.e., anticipatory) saccades. Participants’ manual RTs
and saccade latencies did not significantly correlate, r = .182, p =
A456. To further investigate the relation between manual RTs and
saccade latencies in trials with effect-congruent saccades we cor-
related these measures on a trial basis within participants, sepa-
rately for R-E compatible and R-E incompatible trials. A subse-
quent one sample # test showed that participants’ mean correlations
(R-E compatible condition: mean r = .204, R-E incompatible
condition: mean r = .162; means based on Fisher’s z transforma-
tion procedure) significantly differed from zero, R-E compatible:
1(18) = 4.43, p < .001, d = 1.02; R-E incompatible: #(18) = 2.56,
p = .020, d = 0.59.

Moreover, to assess whether anticipatory processes reflected in
manual R-E compatibility effects and SACC-E congruency effects
were interrelated, we correlated participants’ individual R-E com-
patibility effects on manual RTS (RTx g incompatible = RTR-E compatible)
and their SACC-E congruency effects on saccade frequencies
(Fel‘fecl—congruem - Fefl‘ect—incongruem)' We found no Significant cor-
relation between participants’ manual R-E compatibility effects
and their SACC-E congruency effects, » = .264, p = .276. Finally,
we correlated R-E compatibility effects in manual RTs and R-E

compatibility effects in saccade frequencies (Frg compativie —
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FR & incompatibie)- Manual and saccadic R-E compatibility effects
did not significantly correlate, r = —0.064, p = .793.

Discussion

Experiment 1 investigated whether a predictable action-effect
setting induces spontaneous anticipatory saccades in the direction
of an actor’s own actions’ future consequences. To this end, we
used a spatial R-E compatibility paradigm with left and right
manual actions triggering left and right action effects that were
spatially compatible to the actions (R-E compatible) in one half of
the experiment and spatially incompatible (R-E incompatible) in
the other half.

Results revealed slower RTs and higher error rates in R-E
incompatible blocks compared with R-E compatible blocks, indi-
cating that participants indeed anticipated their own actions’ future
consequences and that the spatial characteristics of these anticipa-
tions affected action control (in terms of a spatial R-E compati-
bility effect). This finding replicates previous studies on action
effect anticipation using the R-E compatibility paradigm (e.g.,
Koch & Kunde, 2002; Kunde, 2001, 2003).

More importantly, this action effect anticipation is directly mir-
rored in participants’ eye movements. In line with our predictions,
we demonstrated that effect-congruent saccades were significantly
more frequent than effect-incongruent saccades during the tempo-
ral interval between target presentation and effect onset, showing
that participants successfully predicted the occurrence of their
actions’ effects and, therefore, directed their gaze in the direction
of future self-caused environmental changes. Furthermore, antici-
patory saccades already occurred during the very first block of
trials and quickly reemerged after a change in R-E compatibility.
These results are in line with findings showing that even a very
small number of prior action-effect pairings is sufficient for action
effect anticipation to emerge (Dutzi & Hommel, 2009).

An interesting find was that neither SACC-E congruency effects
nor R-E compatibility effects in saccade frequencies significantly
correlated with R-E compatibility effects in manual RTs. These
findings suggest that the observed anticipatory saccades, in con-
trast to the effects underlying manual action control, might not be
functionally linked to action selection, but to outcome evaluation
and effect-monitoring purposes, even though both processes are to
some (minor) extent temporally coordinated, as evidenced by the
significant within-participant correlations between manual and
saccade latencies.

At first sight, one might argue that the observed saccades to the
left and right might as well have been triggered in a bottom-up
fashion by the target stimuli that were arrows pointing to the left
or right. However, this potential mechanism clearly cannot account
for the larger number of effect-congruent saccades in comparison
with effect-incongruent saccades in R-E incompatible blocks in
which the directions of the target/response and effect were oppo-
site.

Furthermore, we found that effect-congruent saccades were
significantly more frequent in R-E compatible blocks in compar-
ison to R-E incompatible blocks. This finding mirrors the manual
RT and error rate results and suggests that the anticipation of R-E
incompatible action consequences might be more demanding than
the anticipation of R-E compatible action consequences. Yet, there
is also an alternative explanation. As mentioned before, the target
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Figure 3. Relative saccade frequency as a function of saccade time interval in (A) Experiment 1, (B)
Experiment 2, and (C) Experiment 3 depicted as a function of SACC-E congruency and R-E compatibility.
Results are displayed locked to the manual response occurring at O ms. Error bars indicate SEs. The relative
frequencies of effect-congruent saccades are plotted upward and the relative frequencies of effect-incongruent
saccades are plotted downward to indicate saccade direction. See the online article for the color version of this

figure.

stimuli might have triggered (or at least primed) corresponding left
and right saccades. If so, target stimuli would have facilitated
effect-congruent saccades in R-E compatible blocks, when target
arrow direction and effect position corresponded, and hindered
effect-congruent saccades in R-E incompatible trials, when target
arrow direction and effect position were opposite, leading to the
observed result pattern. This interpretation is also compatible with
our finding of shorter saccade latencies (for anticipatory, i.e.,
effect-congruent saccades) in R-E compatible blocks in compari-

son to R-E incompatible blocks. This issue will be addressed in the
following experiments by either resorting to a free-choice setting
without effect-specific target stimuli (Experiment 2) or by con-
ducting another forced choice study with arbitrary target stimuli
which could not trigger or prime saccades in a bottom-up manner
(Experiment 3).

More important, based on Experiment 1 alone, we cannot as-
certain that anticipatory saccades in the direction of future action
consequences in fact emerged because of a process of goal-
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directed action-based anticipation. As we used distinct stimuli
(arrows pointing to the left vs. right) as targets signaling the correct
response, stimulus-based anticipation and goal-directed action-
based anticipation cannot be dissociated since both target stimuli
and responses reliably predicted future action effects. Thus, the
observed saccades might have been triggered by a stimulus-based
anticipation of the subsequently ensuing action effects (i.e., based
on stimulus-effect associations). Even though the anticipatory sac-
cades occurred around the time of the manual action, suggesting a
link between anticipatory saccades and manual actions, we cannot
completely rule out this alternative explanation with Experiment 1.

In Experiment 2, we conducted a free-choice version of Exper-
iment 1 to address this issue. We used the same free-choice target
stimulus for both left and right responses; thus, ruling out stimulus-
based anticipations. Should we still observe higher frequencies of
effect-congruent saccades than of effect-incongruent saccades un-
der these conditions, these saccades must have been triggered by a
process of goal-directed action-based anticipation, as only the
chosen response allows for a prediction of the position of the
ensuing effects.

Experiment 2

As outlined before, target stimuli as well as responses reliably
predicted future action effects in Experiment 1. Thus, Experiment
1 did not allow us to disentangle stimulus-based anticipations (e.g.,
right arrow » right effect) from goal-directed action-based antic-
ipations (right response » right effect). Thus, we conducted Ex-
periment 2, a free-choice version of Experiment 1, to ascertain that
the observed anticipatory (i.e., effect-congruent) saccades were in
fact caused by an action-based anticipation process. Experiment 2
only used one free-choice target stimulus (a go signal) indicating
that participants should freely choose a left or right response.
Therefore, the same target stimulus is associated with both left and
right action effects and only the respective response is predictive
of the ensuing action effect. Thus, if anticipatory saccades should
emerge in this free-choice setting, these anticipatory saccades
cannot be the product of stimulus-based anticipation processes, but
must have been caused by processes of goal-directed action-based
anticipation of action effects.

Method

Participants. Twenty-two participants (5 men, 2 left-handed,
mean age = 25.5 years) were recruited and participated for course
credit. All participants had normal or corrected to normal vision.
The study was conducted in adherence to the standards set by the
local ethics committee. Two participants had to be excluded be-
cause of eye tracking problems (see Experiment 1 for details),
resulting in a sample of 20 participants for analyses. Note that the
sequence of R-E compatibility conditions was still fully counter-
balanced in the reduced sample.

Apparatus. All settings were equivalent to those in Experi-
ment 1.

Design and procedure. The trial structure of Experiment 2
was the same as in Experiment 1—including the intertrial interval
(1,200-1,500 ms), target, response frame, interstimulus interval
(300 ms), and action effect (500 ms)—with only minor changes.
First, Experiment 2 was a free-choice experiment and participants
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did not have a response time limit. Second, a white asterisk (0.4°
visual angle), the free-choice target that served as a choice signal,
substituted the arrow targets of Experiment 1. Participants were
instructed to spontaneously choose their next response (left vs.
right key press) while the asterisk (500 ms) was present and
perform the chosen response as fast as possible once the asterisk
had disappeared.

Participants were instructed to freely choose their response (left
vs. right key press) while trying to achieve equal numbers of left
and right key presses. They were asked to make their choices
spontaneously within a given trial, just like flipping a coin, instead
of following a prechosen pattern. Furthermore, they were in-
structed to respond as fast as possible and to pay attention to the
colored circles, that is, to the action effects that followed their
responses. Instructions did not contain any information regarding
eye movements.

Like Experiment 1, Experiment 2 consisted of one practice
block of 16 trials and 10 experimental blocks of 50 trials each (5
blocks R-E compatible, 5 blocks R-E incompatible). Again, par-
ticipants were not informed about the change in R-E compatibility.
At the end of each block participants had the chance to take a
self-paced break. After each block, they were informed about the
number of left and right key presses they had performed.

Preprocessing of saccade data. Data preprocessing was
equivalent to Experiment 1. Saccades occurring in trials with
premature responses were not counted as systematic saccades
(equivalent to O saccades from a total of 10,700 saccades that
occurred during the action effect anticipation interval across all
participants); 34.9% of saccades (3,734 from a total of 10,700)
were not counted as systematic saccades, because their recorded
start point did not coincide with the fixation cross region. Another
19.7% of saccades (2,105 of 10,700) were not counted as system-
atic saccades as these saccades did not cover at least one-third of
the distance between start point and effect location. Additionally,
3.3% of saccades (353 of 10,700) occurred in trials with multiple
saccades of opposing directions and 1.1% of saccades (121 of
10,700) occurred in trials that contained both preresponse and
postresponse saccades. These saccades were also not considered.
Overall, 41.0% of saccades were counted as systematic saccades in
the final analyses.

Results

Manual RTs. Overall participants chose right responses on
50.3% or the trials and left responses on 49.7% of the trials,
1(19) = 097, p = 345, d = 0.22. Premature responses (i.e.,
responses before the disappearance of the asterisk) occurred on
2.9% of the trials. The mean RT of valid responses amounted to
279 ms.

Participants’ RTs did not significantly differ between R-E com-
patible blocks (271 ms) and R-E incompatible blocks (286 ms),
1(19) = 1.44, p = .165, d = 0.32. An analysis of R-E compatibility
by RT percentile showed that although significant R-E compati-
bility effects did not emerge for any percentile, RT differences
between R-E compatible and R-E incompatible trials significantly
increased with increasing percentile (see Online Supplemental
Material).
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Anticipatory saccades. The average saccade amplitude
amounted to 6.0° visual angle. The average saccade velocity was
117.9° visual angle per second.

The analysis of saccade frequencies (see Figure 2B) showed a
significant main effect of SACC-E congruency, F(1, 17) = 133.81,
p < .001, n; = .89. Effect-congruent saccades were significantly
more frequent than effect-incongruent saccades. Furthermore, we
found a main effect of trial block, F(4, 68) = 3.44, p = .013, n,z, =
.17, indicating that the number of saccades slightly decreased over
time. The interaction between SACC-E congruency and trial block
was also significant, F(4, 68) = 3.08, p = .022, n3 = .15.
Subsequent Repeated Measures ANOVAs conducted separately
for trials with effect-congruent and effect-incongruent saccades
revealed that for both effect-congruent trials, F(4, 76) = 1.94,p =
113, n,z, = .09, as well as effect-incongruent trials, F(4, 76) =
1.89, p = .173, m3 = .09, the main effect of trial block did not
reach significance. The interaction between SACC-E congruency
and trial block originated from a diverging pattern of relative
frequencies over time. Whereas the frequency of effect-congruent
saccades showed a downward trend over time, the frequency of
effect-incongruent saccades did not show any systematic trend. All
other effects failed to reach significance, Fs < 1.

An additional analysis of saccade frequencies during the first
R-E compatible and R-E incompatible block only revealed a
significant main effect of SACC-E congruency, F(1, 18) = 121.67,
p <.001, nﬁ = .87, with effect-congruent saccades occurring more
often than effect-incongruent saccades. The main effect of R-E
compatibility, F(1, 18) = 2.88, p = .107, m3 = .14, and the
interaction between SACC-E congruency and R-E compatibility,
F(1, 18) = 2.29, p = .147, nﬁ = .11, again failed to reach
significance.

The analysis of saccade latencies (see Figure 3B) revealed a
main effect of SACC-E congruency, F(1, 14) = 14.49, p = .002,
'q,z, = .51, with effect-incongruent saccades (501 ms) occurring
earlier than effect-congruent saccades (585 ms). All other effects
failed to reach significance, F's < 1. Saccades occurred less often
before manual actions (8.2%) than following manual actions
(91.8%).

Correlations. Again, participants’ mean manual RTs and mean
anticipatory (i.e., effect-congruent) saccade latencies did not sig-
nificantly correlate, r = .293, p = .210. However, a one sample ¢
test showed that mean wirthin-participant correlations (see Exper-
iment 1 for computation details) between manual RTs and saccade
latencies (R-E compatible condition: mean » = .361, R-E incom-
patible condition: mean r = .390) significantly differed from zero,
R-E compatible: #19) = 5.66, p < .001, d = 1.27; R-E incom-
patible: #(19) = 7.81, p < .001, d = 1.75. Participants’ R-E
compatibility effects (see Experiment 1 for details) and SACC-E
congruency effects did not significantly correlate, » = .136, p =
.568. Finally, participants’ R-E compatibility effects in manual
RTs and saccade frequencies did not significantly correlate,
r = —0.226, p = .338.

Discussion

In Experiment 2, participants freely chose their actions when a
free-choice target appeared and they initiated these actions after
it had disappeared. As the free-choice target was the same
across all experimental conditions, stimulus-based anticipa-
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tions, which might have occurred in Experiment 1, can be ruled
out. Yet, effect-congruent saccades were still significantly more
frequent than effect-incongruent saccades, suggesting that action
effects had been anticipated. These results imply that the execution
of spontaneous anticipatory saccades is part of the process of
anticipating one’s own actions future sensory consequences (i.e.,
evidence of learned action-effect associations). Again anticipatory
saccades emerged very fast and were already present in the first
block of trials.

Interestingly, we replicated the finding of Experiment 1 that
SACC-E congruency effects and R-E compatibility effects in
saccade frequencies did not significantly correlate with manual
R-E compatibility effects. Moreover, whereas in Experiment 2
manual actions failed to show significant R-E compatibility effects
that would have indicated an influence of future action effects on
action selection and action planning, SACC-E congruency effects
were clearly present. These results point toward a functional dis-
sociation of manual actions and anticipatory saccadic eye-move-
ments: Whereas manual actions are part of an anticipatory process
serving action selection, anticipatory saccades rather seem to serve
effect-monitoring and outcome evaluation purposes. Nevertheless,
the substantial within-participant correlation between manual and
saccade latencies suggests a certain amount of temporal coordina-
tion between both processes, which appears plausible since a
delayed action should also result in a correspondingly postponed
effect evaluation.

Importantly, the absence of a significant R-E compatibility
effect in manual RTs does not imply that participants did not
anticipate their actions’ effects. In fact, the SACC-E congruency
effect clearly shows that participants anticipated the spatial loca-
tion of the sensory consequences their actions would produce. The
nonsignificant R-E compatibility effect in manual RTs only sug-
gests that the anticipated effect did not affect manual action
selection akin to a presented stimulus. In this context, it should be
noted that spatial R-E compatibility effects (e.g., Kiesel & Hoff-
mann, 2004; Kunde, 2001, Experiment 1) are less frequently
reported than, for instance, intensity-based or duration-based R-E
compatibility effects (e.g., Kunde, 2001, Experiments 2 and 3;
Kunde, 2003; Pfister, Pfeuffer, & Kunde, 2014), probably suggest-
ing that spatial R-E compatibility effects are rather weak and thus,
less reliably found.

Furthermore, in contrast to Experiment 1, we found no dif-
ferences in the frequency of effect-congruent saccades for R-E
compatible and R-E incompatible blocks. This suggests that the
respective frequency differences observed in Experiment 1
were probably caused by the specific spatial target stimuli
(arrows). Remarkably, R-E compatibility effects such as man-
uval RT and PE differences observed in Experiment 1 and in
previous studies on action effect anticipation (e.g., Koch &
Kunde, 2002; Kunde, 2001, 2003) have been interpreted by
suggesting that anticipating R-E incompatible (vs. R-E compat-
ible) action consequences could be more demanding. However,
regarding the anticipatory saccades, we observed no difference
in the processing of R-E compatible and R-E incompatible
action effects. Likewise, our finding in Experiment 1 that
saccade latencies differed between R-E compatible and R-E
incompatible mappings was not replicated in Experiment 2.
Here, we only found that saccade latencies were shorter for
effect-incongruent (nonanticipatory) saccades in comparison



n or one of its allied publishers.

ghted by the American Psychological Associa

This document is copyri

°r and is not to be disseminated broadly.

This article is intended solely for the personal use of the individua

ACTION EFFECT ANTICIPATION IN SACCADES

with effect-congruent (anticipatory) saccades. This suggests
that the significant difference in saccade latency between R-E
compatible and R-E incompatible saccades and the nonsignifi-
cance of the trend toward faster effect-incongruent saccades
observed in Experiment 1 may also have been caused by the
specific target stimuli which inherently carried spatial informa-
tion. As the forced-choice setting of Experiment 1 cannot be
ruled out as an alternative explanation for both differences in
saccade effects across experiments, we conducted Experiment
3, a version of Experiment 1 with arbitrary target stimuli (i.e.,
stimuli that did not inherently carry spatial information).

Experiment 3

The results of Experiment 1 revealed that effect-congruent
saccades were both more frequent and initiated faster in R-E
compatible blocks in comparison with R-E incompatible blocks.
However, frequency and latency differences between R-E com-
patible and R-E incompatible blocks were not present in Ex-
periment 2. Apart from the forced-choice/free-choice setting,
the only difference between Experiment 1 and Experiment 2
was the use of two inherently spatial (arrows) versus nonspatial
(asterisk) target stimuli. We hypothesize that the spatial target
stimuli used in Experiment 1 may have triggered or primed
(some) saccades to the right or left and thus, led to a larger
number of effect-congruent saccades on R-E compatible (vs.
R-E incompatible) trials, as target direction and effect position
matched on R-E compatible trials and mismatched on R-E
incompatible trials.

In Experiment 3 we wanted to replicate the findings of
Experiment 2 (i.e., the lack of a substantial difference in sac-
cade frequency and latency between R-E conditions) in a
forced-choice set-up with arbitrary target stimuli that should not
trigger saccades based on their inherent features (i.e., in a rather
bottom-up manner). Please note that the contingency between
stimulus, action, and action effect was the same as in Experi-
ment 1. One distinct target stimulus was paired with one re-
sponse that caused one predictable action effect. However, in
Experiment 1, spatial (left/right) manual action were triggered
by spatial stimuli (left/right arrows), yielding spatial (left/right)
visual effects. Thus, Experiment 1 involved dimensional (spe-
cifically, spatial) overlap between (action-triggering) stimuli
and responses (set-level compatibility, see Kornblum, Hasb-
roucq, & Osman, 1990). In contrast, in Experiment 3 only
response and action effect overlapped on a spatial dimension,
but not target and action effect. As target stimuli in Experiment
3 did not inherently carry relevant spatial information, these
centrally presented target stimuli could not trigger or prime
saccades based on their inherent spatial features. Furthermore,
we extended the paradigm and had participants work through
more trials in an attempt to achieve a more reliable estimate of
the frequency of preresponse saccades. Finally, to increase the
probability of preresponse saccades, we reduced the target
presentation duration from 200 to 50 ms.

Method

Participants. Twenty-nine participants (8 men, 3 left-
handed, mean age = 24.0 years) were recruited and participated

1541

for course credit. All participants had normal or corrected to
normal vision. The study was conducted in adherence to the
standards set by the local ethics committee. Two participants
had to be excluded as they accidentally pressed a key that
aborted the experiment. Six additional participants were ex-
cluded because of eye tracking problem (see Experiment 1 for
details) resulting in a sample of 21 participants for the analyses.
Because of the reduced sample, the counterbalancing of R-E
compatibility sequences was imperfect (the group starting with
the R-E compatible action-effect condition consisted of one
additional participant). Note that this did not affect the inter-
pretation of results (see results section for details).

Apparatus. All settings were equivalent to those in Experi-
ment 1.

Design and procedure. The trial structure of Experiment 3
was equivalent to that in Experiment 1 except for the target. In
Experiment 3, we used a white triangle and a white square (1.1°
visual angle) as targets that were only presented for 50 ms. This
setting ruled out target-induced saccadic movements and allowed
us to more effectively assess the occurrence of very early antici-
patory saccades. Target-response mappings were counterbalanced
across participants. The time course of a trial was as follows:
intertrial interval (1,200-1,500 ms), target (50 ms), response frame
(600 ms), interstimulus interval (300 ms), and action effect (500
ms; see Figure 1).

Experiment 3 consisted of one practice block and 24 blocks of
50 trials each. The R-E compatibility mapping switched after every
four blocks resulting in three sequences of four compatible and
four incompatible blocks. R-E compatibility order was counterbal-
anced across participants. Instructions were equivalent to Experi-
ment 1 and did not contain any information regarding eye move-
ments. As in Experiment 1 and 2, participants were not informed
about the switches in R-E compatibility.

Preprocessing of saccade data. Data preprocessing was
equivalent to Experiment 1. Saccades occurring in trials with
premature responses, incorrect responses, Or response omissions
were not counted as saccades (equivalent to 155 saccades from a
total of 12,615 saccades that occurred during the action effect
anticipation interval across all participants); 25.7% of saccades
(3206 from a total of 12,460) were not considered as systematic
saccades, because they did not start in the predefined fixation
region. Another 39.6% of saccades (4928 of 12460) were not
counted as saccades as they did not cover at least one-third of the
distance between center and effect. Additionally, 2.6% of saccades
(322 of 12,460) were not considered as systematic saccades as they
occurred in trials with multiple saccades with opposing directions
and 0.1% of saccades (16 of 12,460) were not counted, because
trials contained both preresponse and postresponse saccades. Over-
all, 32.0% of saccades were counted as systematic saccades in the
final analyses.

Results

Reaction times and error rates. Trials with premature re-
sponses (about 0.1% of the trials) and response omissions
(about 1.1% of the trials) were excluded. The mean RT was 316
ms and the mean error rate was 3.1%. RT analysis did not show
a significant difference between R-E compatible (314 ms) and
R-E incompatible (318 ms) trials, #(20) = 1.51, p = .147,d =
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0.33. Equivalent results were obtained for error rates, #(20) =
1.42, p = .170, d = 0.31 (R-E compatible: 2.9%, R-E incom-
patible: 3.3%).> Again the R-E compatibility effect was not
significant for any RT percentile, but RT differences between
R-E compatible and R-E incompatible trials increased with
percentile (see Online Supplemental Material).

Anticipatory saccades. The mean saccade latency was 374
ms. Saccade latencies were not significantly affected by SACC-E
congruency or R-E compatibility, Fs < 2.12, ps = .165, n} = .12.
The average saccade amplitude was 3.5° visual angle and the
average saccade velocity was 61.3° visual angle per second.

The analysis of relative saccade frequencies across the factors
SACC-E congruency, R-E compatibility, and trial block revealed a
significant main effect of SACC-E congruency, F(1, 20) = 5.24,
p = .033, m} = .21 (see Figure 2C). Effect-congruent saccades
occurred significantly more often than effect-incongruent sac-
cades. All other effects failed to reach significance, Fs = 1.69,
ps = 209, n2 = .08."

Furthermore, we conducted three separate 2 X 2 Repeated
Measures ANOVAs with the factors SACC-E congruency and
R-E compatibility for the first R-E compatible and R-E incom-
patible blocks that participants performed either at the begin-
ning of the experiment or after a switch in R-E compatibility
(R-E compatibility switch 1-3). These analyses revealed a
significant main effect for SACC-E congruency for the first
blocks (first R-E compatible and R-E incompatible block in the
first section, i.e., block 1 and 5, of the experiment), F(1, 20) =
5.91, p = .025, m3 = .23, as well as for the second blocks (i.e.,
block 9 and 13), F(1, 20) = 4.97, p = .037, m} = .20, with
effect-congruent saccades being significantly more frequent
than effect-incongruent saccades. For the third blocks (i.e.,
block 17 and 21), the main effect of SACC-E congruency
showed a nonsignificant trend toward more effect-congruent
than effect-incongruent saccades, F(1, 20) = 4.22, p = .053,
Mz = .17. For the first, second, and third blocks, the main effect
of R-E compatibility, Fs = 1.48, ps = .238, 2 = .07 and the
interaction of SACC-E congruency and R-E compatibility,
Fs = 1.41, ps = .249, n,z, = .07 failed to reach significance.

The analysis of saccade latencies failed to show any significant
effects. Both the main effects of SACC-E congruency, F(1, 16) =
2.12,p = .165, 3} = .12, and R-E compatibility, F < 1, as well as
their interaction, F < 1, were nonsignificant (see Figure 3C).
82.2% of the observed saccades occurred after participants’ man-
ual actions, whereas 17.8% of the observed saccades occurred
before manual actions.

Correlations. As in Experiments 1 and 2, participants’ man-
ual RTs and saccade latencies did not significantly correlate,
r = —0.097, p = .675. However, mean within-participant corre-
lations between manual RTs and saccade latencies (R-E compat-
ible condition: mean » = .111, R-E incompatible condition: mean
r = .176; see Experiment 1 for computation details) again signif-
icantly differed from zero for R-E incompatible conditions,
1(20) = 2.65, p = .015, d = 0.58, but not for R-E compatible
conditions, #20) = 1.42, p = .172, d = 0.31. The correlation
between R-E compatibility effects and SACC-E congruency ef-
fects (see Experiment 1 for details) also failed to reach signifi-
cance, r = .271, p = .235. Moreover, participants’ R-E compati-
bility effects in manual RTs and saccade frequencies did not
significantly correlate, r = .068, p = .769.

Discussion

Replicating our previous findings, effect-congruent saccades
occurred much more frequently than effect-incongruent saccades
during the effect anticipation interval, suggesting that these sac-
cades had been triggered by processes of action effect anticipation.
Similar to the previous experiments, anticipatory saccades were
already evident in the first block after a switch in R-E compati-
bility. Furthermore, we replicated the finding of Experiment 2 that
the frequency of effect-congruent saccades did not differ between
R-E compatibility conditions, which is in line with our hypothesis
that the differences between R-E compatible and R-E incompatible
blocks observed in Experiment 1 were caused by the particular
target stimuli. That is, the arrows used as targets in Experiment 1
likely tended to trigger (or prime) corresponding saccades; thus,
facilitating effect-congruent saccades in R-E compatible blocks
and interfering with effect-congruent saccades in R-E incompati-
ble blocks. Furthermore, the latency of effect-congruent and
effect-incongruent saccades did not differ in Experiment 3.

Moreover, even though we again found anticipatory saccades
toward the direction of future action consequences, effects of
action effect anticipation on manual RTs and error rates did not
reach significance in Experiment 3. That is, manual actions did not
show the typical RT and PE increases associated with R-E incom-
patible trials in comparison with R-E compatible trials. Future
studies could try using, for instance, audio-visual, spatially later-
alized action effects, to probably achieve more stable R-E com-
patibility effects in manual RTs and PEs.

Nevertheless, the finding that anticipatory saccades were again
present even though manual RTs and PEs did not reflect processes
of action effect anticipation further supports the notion that antic-
ipatory saccades (unlike manual actions) are not closely coupled
anticipatory processes serving action selection, but are rather con-
nected to a functionally different purpose, namely outcome eval-
uation. This idea of a functional dissociation (despite the same
underlying mechanism of action-effect association learning) is
further supported by the nonsignificant correlation of R-E com-
patibility effects and SACC-E congruency effects.

Additionally, as saccades seem to reflect anticipatory processes
even when the typical behavioral measures of RT and PE do not,
these results suggest that anticipatory saccades (despite serving a
different functional purpose) might be considered a much more
sensitive measure of action effect anticipation than previously used
behavioral measures (e.g., manual key press latencies). In Exper-
iment 1, where we did observe manual R-E compatibility effects,
the presence of inherently spatial target stimuli may have enhanced

3 Separate ¢ tests for RTs and PEs accounting for all possible counter-
balanced permutations of equally distributed participants per group showed
nonsignificant effects for PEs for all permutations, rs(19) = 1.70, ps =
.105, ds = 0.38, and nonsignificant RT effects for all but one permutation,
significant RT effect: #(19) = 2.16, p = .044, d = 0.48, other RT effects:
t3(19) = 1.74, ps = 0.099., ds = 0.39.

* The pattern of results did not change when controlling for the imbal-
ance in the number of participants across R-E compatibility order condi-
tions. The main effect of SACC-E congruency was significant for all but
two of the counterbalanced permutations of participants (N = 20), Fs =
5.06, ps = .037, m3> = .21. For the remaining two permutations, the main
effect of SACC-E congruency approached significance, Fs = 3.87, ps =
.064, nﬁ = .17. All other effects failed to reach significance, F's = 2.70,
ps = 117, 2 < .12.
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attention toward spatial aspects of the experimental setup (includ-
ing the position of action effects), eventually yielding clear effects
of spatial effect anticipation on both manual (RT, PE) and oculo-
motor (anticipation frequency) action control, a pattern that was
not present in Experiment 3.

General Discussion

The present experiments explored whether processes of action
effect anticipation, as an underlying mechanism of goal-directed
action, do not only trigger actions, but simultaneously trigger
spontaneous (uninstructed) anticipatory saccades toward the posi-
tion of a later on occurring action effect. Participants performed
left and right key presses that predictably triggered action effects
(colored circles) on the left and right side of the screen. R-E
mappings were R-E compatible in one half of the trials and R-E
incompatible in the other half. In two forced-choice experiments
(Experiments 1 and 3) and one free-choice experiment (Experi-
ment 2), we examined whether participants executed spontaneous
saccades in the direction of their own actions’ predictable conse-
quences before these consequences occurred. Crucially, partici-
pants were never instructed to perform eye movements toward
these action effects, but their task was either to press a left or right
key in response to a forced-choice target (Experiment 1 and 3)
or to freely choose their actions (left vs. right key press) in
response to a free-choice target (Experiment 2). Participants were
instructed to respond fast and accurately and the action effects
were irrelevant to their actual task.

We demonstrate that the anticipation of their own action’s future
consequences led participants to perform anticipatory saccades,
that is, effect-congruent saccades in the direction of the later on
occurring action effects. Effect-congruent saccades were substan-
tially more frequent than effect-incongruent saccades in both
forced-choice and free-choice experiments. Furthermore, anticipa-
tory (i.e., effect-congruent) saccades emerged already during the
first block of the experiment and were also present during the first
block following a switch in R-E compatibility. These findings are
in line with previous studies suggesting that only few learning
instances are necessary to form action-effect associations (Dutzi &
Hommel, 2009). Furthermore, they suggest that apart from rather
indirect markers of action effect anticipation like RT and PE,
anticipatory saccades can serve as excellent online measures of
spatial action effect anticipation that emerges after only a few trials
of having experienced action-effect pairings.

Because we also observed evidence for anticipatory saccades in
R-E incongruent conditions of Experiment 1, we can effectively
rule out that the saccades in this experiment were only triggered by
the stimuli in a purely bottom-up fashion based on inherent spatial
characteristics of the target stimuli. Interestingly, however, the
target stimuli in Experiment 1 clearly had an influence on the
frequency of effect-congruent saccades. When target arrow direc-
tion and action effect direction matched, the frequency of effect-
congruent saccades was significantly higher in comparison with
trials in which target arrow direction and action effect direction did
not match. Experiments 2 and 3 instead involved either a single
free-choice target stimulus (Experiment 2) or arbitrary forced-
choice target stimuli without any (spatial) dimensional overlap
(Kornblum et al., 1990) with the action effects (Experiment 3).
Under these conditions, effect-congruent saccades were not only
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equally frequent on R-E compatible and R-E incompatible blocks,
but also the latency of effect-congruent saccades on R-E compat-
ible and R-E incompatible trials did not differ, suggesting that the
effect of R-E compatibility on saccades in Experiment 1 was solely
because of the inherently spatial target characteristics. This finding
is interesting as it suggests that in contrast to previous conclusions
based on instructed behavioral measures (manual RTs and PEs;
see, e.g., Koch & Kunde, 2002; Kunde, 2001, 2003), which typi-
cally showed a performance decrease in R-E incompatible blocks,
the present results based on anticipatory saccades suggest that
oculomotor processes of anticipation are not substantially affected
by the spatial compatibility between action and effect. Probably,
R-E incompatibility does not hamper anticipation per se, but might
rather only affect the process of translating action effect anticipa-
tions into corresponding (manual) action.

Furthermore, in Experiment 2 the two forced-choice target stim-
uli were replaced by a single free-choice target stimulus that was
the same on all trials. We introduced the free-choice target to
ensure that only the performed response and not the preceding
target stimulus was predictive of the ensuing action effect. Thus, in
Experiment 2, possible stimulus-based anticipations because of the
predictable relation between target and action effect (Experiments
1 and 3) could be ruled out by demonstrating that effect-congruent
saccades were significantly more frequent than effect-incongruent
saccades in a free-choice setting, too. Thus, anticipatory, effect-
congruent saccades could not have been driven by predictable
target-effect mappings, but were indeed caused by processes of
action effect anticipation.

Of course, processes of stimulus-based anticipation may have
taken place in addition to goal-directed action-based anticipation
in our forced-choice experiments. Surprisingly though, the relative
frequency of anticipatory saccades during free-choice was not
lower than during forced-choice even when comparing Experiment
2 to Experiment 1, in which arrows, that might have directly
triggered (some) saccades irrespective of anticipatory processes,
were used as targets. These results match behavioral findings
showing that effects of action effect anticipation are more reliably
found when participants adopt an intention-based action mode like,
for instance, during free-choice (Herwig, Prinz, & Waszak, 2007;
Herwig & Waszak, 2012; Pfister et al., 2010).

Although we demonstrate that action effect anticipation is re-
flected in anticipatory eye movements, it clearly has to be noted
that these saccades do not occur on every trial. Specifically, across
the three experiments effect-congruent saccades occurred on about
10-50% of all trials, depending on the specific experiment and
condition. Although we used rather restrictive saccade selection
criteria for our analyses and thus, might have underestimated the
actual frequency of anticipatory saccades, there is definitely a
substantial proportion of trials in which no saccade occurred. This
poses a limitation to using effect-anticipatory saccades as an
all-or-nothing measure of effect anticipation in each trial, as we
cannot account for trials without saccades. While the nonexistence
of anticipatory saccades might implicate failures of anticipation, it
is also possible that in these trials spatial attention-related process-
ing was simply just below a certain threshold, ultimately prevent-
ing overt execution of a saccade program (see, e.g., the premotor
theory of attention; Rizzolatti, Riggio, Dascola, & Umiltd, 1987).
Future studies will have to determine whether corresponding co-
vert shifts of spatial attention toward the position of future action
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effects do occur in trials without overt shifts of attention via
saccades.

Our results also speak to the issue of the interplay between
the control systems (or modules) for manual responses and
covert or overt shifts of visual attention, the latter being asso-
ciated with the oculomotor control system. For example, a
strong account of cross-modal interference as an underlying
mechanism of manual R-E compatibility effects would assume
that longer manual RTs in R-E incompatible conditions might
be solely because of interference from spatially incompatible
overt or covert shifts of attention. An interesting find was that
Experiments 2 and 3 that did not use inherently spatial (and eye
movement-inducing) target stimuli, neither the frequency of
anticipatory saccades nor overall manual RTs differed between
R-E compatible and R-E incompatible blocks. This is remark-
able as it suggests that performing opposing manual actions and
saccades neither impaired the performance of anticipatory eye
movements, nor the performance of manual actions. This find-
ing is in line with research indicating that in coordinated eye
and hand movements to separate locations, attention can be
allocated in parallel (Jonikaitis & Deubel, 2011, see also Hue-
stegge & Adam, 2011; Huestegge & Koch, 2010), suggesting
largely independent attentional systems or modules (Huestegge,
Pieczykolan, & Koch, 2014) for eye and hand movements under
these circumstances.

Despite this overall evidence for strong modularity of the
manual and oculomotor systems (in terms of resistance to
mutual crosstalk), it is interesting that R-E compatibility effects
selectively emerged in conjunction for both manual and ocul-
omotor responses in Experiment 1 only, in which the inherently
spatial target stimuli obviously increased the difficulty to exe-
cute effect-congruent saccades (i.e., saccades toward the effect
location) in R-E incompatible conditions. This oculomotor pro-
cessing obstacle might have enhanced oculomotor processing
effort in terms of a stronger activation of the correct spatial
code for the anticipatory saccade. This in turn may have led to
a stronger potential for spatial code interference between effec-
tor systems (i.e., an increased conflict between the diverging
spatial codes for manual and oculomotor responses), eventually
giving rise to (or at least enhancing) the manual R-E compat-
ibility effect in terms of slowed manual response execution in
R-E incompatible trials. Although this mechanism is rather
speculative and should be tested more explicitly in subsequent
research, it can provide a satisfying explanation for the selec-
tive emergence of R-E compatibility effects across both effector
systems in Experiment 1.

Our finding that saccade-effect congruency effects were not
modulated by R-E compatibility as well as the finding that
neither R-E compatibility effects and SACC-E congruency ef-
fects nor R-E compatibility effects in manual RTs and saccade
frequencies correlated might be considered as a hint that manual
actions and anticipatory saccadic eye movements (although
based on a common action-effect association learning mecha-
nism) serve different functions. Whereas manual actions were
affected by their spatial overlap with their future sensory con-
sequences, implying that R-E compatibility effects assess an-
ticipatory action selection and action planning, the anticipatory
saccades we observed seem to be linked to an (functionally
independent) anticipatory process of outcome evaluation rather
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than action selection. Even though, further testing is required to
support this hypothesis, especially as we did not observe sig-
nificant R-E compatibility effects in Experiments 2 and 3, the
notion of a functional dissociation is further supported by the
dissociation of manual and saccadic anticipatory effects in
Experiments 2 and 3. Although we could not find reliable R-E
compatibility effects in manual RTs and PEs in these experi-
ments, sizable saccade-effect congruency effects were present
nonetheless. Moreover, saccade latencies were also unaffected
by manipulations of R-E compatibility, providing further sup-
port for the idea that whereas anticipatory measures in manual
actions reflect an impact of action effect anticipation on action
selection, anticipatory saccades rather serve a different function
of efficient effect-monitoring and outcome evaluation. Specif-
ically, the efficiency of effect-monitoring should be greater for
trials with anticipatory saccades compared with trials in which
saccades only occur after action effect onset, since the later
saccades would necessarily imply additional time-consuming
shifts of attention after peripheral effect processing.

Moreover, additional support for the idea that anticipatory
saccades serve the function of outcome evaluation comes from
our finding that anticipatory saccades mainly occurred after
manual actions and only in some cases preceded manual action
execution. While saccade programming is also a time-
consuming process (Becker & Jiirgens, 1979) and might have
occurred before manual response execution in some trials, it is
still unlikely that a substantial number of saccades were pre-
pared before manual response selection. Instead, anticipatory
saccades were apparently initiated around action execution
when responses had either already been performed or when
action execution was about to be conducted and action effects
were imminent. The idea that the observed anticipatory sac-
cades serve a monitoring function is supported by the finding
that R-E compatible action effects are more easily discriminated
in a time frame starting 220 ms before action execution (De-
santis, Roussel, & Waszak, 2014), suggesting that the percep-
tual representation of future action effects occurs during the
later stages of motor preparation when prepared motor patterns
are internally tested (Gratton, Coles, Sirevaag, Eriksen, &
Donchin, 1988). As the anticipatory saccades we observed fall
into this time frame, we assume that these saccades were
executed during later stages of motor preparation when a per-
ceptual representation of the action effects had already been
generated. In line with Ziessler and Nattkemper (2011) who
investigated at which stages of manual action preparation ideo-
motor anticipations occur, we thus, assume that the observed
anticipatory saccades, emerging after responding or during a
later stage of action preparation associated with internal re-
sponse testing, serve a monitoring function and are used to
compare intended and observed outcomes.

This mechanism is more explicitly addressed in cybernetic
comparator models (Frith & Wolpert, 2000; Wolpert & Flana-
gan, 2001; Wolpert & Ghahramani, 2000), suggesting that
ideomotor and comparator models are complementary in that
action selection and action outcome evaluation might represent
two distinct functional aspects (as observed in manual re-
sponses and eye movements, respectively) of one common
underlying anticipatory process based on learned action-effect
associations (Chambon, & Haggard, 2013; Hommel, in press a).



gical Association or one of its allied publishers.

1t is copyrighted by the American Psycholo

This docu

is not to be disseminated broadly.

ended solely for the personal use of the inc

This article is 1

ACTION EFFECT ANTICIPATION IN SACCADES

However, despite the dissociated functional roles of the two
effector systems, the fact that anticipatory saccades occurred
almost exclusively after manual actions might suggest that the
anticipatory processes of action selection and outcome evalua-
tion are not entirely independent from one another. Possibly,
outcome evaluation is only initiated once a certain response
threshold has been exceeded and the production of an action is
imminent. We speculate that a (largely independent) process of
action outcome evaluation might be triggered during one of the
later stages of anticipatory action preparation (note that evi-
dence for a certain amount of temporal coordination between
the two functionally dissociated responses, manual and oculo-
motor responses, is evident in the significant within-participant
correlations between the respective response latencies, espe-
cially in the free-choice setting). If that were the case, humans
should be able to veto and stop the process of outcome evalu-
ation if motor preparation was aborted during an early stage of
motor preparation, but not when it was aborted during later
stages of motor preparation. The question of whether the antic-
ipatory processes underlying effect-generating manual actions
and effect-monitoring saccadic eye movements are interdepen-
dent in such a manner (veto account) is a tantalizing question
for future research to address, which could, for instance, be
assessed by introducing no-go trials and having participants
stop their manual actions at various stages of motor preparation
in a proportion of trials.

Another explanation for our finding that anticipatory sac-
cades occurred mainly after manual actions might be that, as the
response-effect interval had a fixed duration, participants de-
veloped temporal predictions regarding the point in time when
their actions’ effects would occur (e.g., Haering & Kiesel,
2012) and only directed their gaze toward the future location of
these action effects when their occurrence was imminent.
Therefore, future studies on anticipatory saccades, varying the
response-effect interval, should address the question of whether
saccade latencies are influenced by temporal predictions.

Additionally, action outcome evaluation has been linked to
the experience of agency (Hommel, in press a, in press b). That
is, the closer actual effects match expected effects, the stronger
are participants’ feelings of being the causal agent who pro-
duced these effects (Chambon & Haggard, 2013). Thus, as the
here reported anticipatory saccades reflect exactly this process
of outcome evaluation, they might also be usable in assessing
agency-related processes. Future studies should investigate
whether spontaneous anticipatory saccades can also provide
additional information regarding the processes underlying
agency.

Finally, it has recently been suggested that ideomotor control
mechanisms might not be restricted to motor control, but might
extend to language, numeric processing, and tool use, thus,
connecting actions and abstract concepts (Badets, Koch, &
Philipp, 2016). In the context of our present findings, these
assumptions suggest that anticipatory saccades might also
emerge in contexts other than goal-directed motor control.
Thus, the investigation of anticipatory eye movements in these
contexts might provide further insights into processes of out-
come evaluation underlying, for instance, language and numeric
processing.
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Conclusion

In conclusion, our findings demonstrate that uninstructed eye
movements toward the direction of future action consequences,
that is, anticipatory saccades, emerge when actions produce
predictable effects in the environment. These saccades appear
to serve the function of evaluating whether observed and ex-
pected action outcomes match or mismatch and, thus, support
the adaptation of action-effect associations and action effect
anticipation to changing environmental requirements. In this
way, our results demonstrate the informational value of addi-
tionally analyzing uninstructed behavioral components and re-
veal important mechanisms of the complex and spontaneous
interplay between the manual and oculomotor effector system
in goal-directed action. Whereas effect-generating manual ac-
tions reflect processes of anticipatory action selection, sponta-
neously occurring anticipatory saccades reflect anticipatory ac-
tion outcome evaluation. We thus, extend ideomotor theories of
action control by providing a framework for simultaneously
studying complementary processes of anticipation-based behav-
ioral control that have so far been addressed rather within
cybernetic models than within the context of ideomotor theo-
rizing.

We establish spontaneous anticipatory saccades as a viable
tool for assessing processes of anticipatory outcome evaluation
complementary to behavioral and electrophysiological mea-
sures of anticipatory action selection. These spontaneous antic-
ipatory saccades were shown to be particularly sensitive, online
indicators of outcome anticipation and might represent an in-
teresting tool for assessing anticipatory processes in popula-
tions that cannot be reliably tested with common RT-based
paradigms, like for instance, young children or clinical patients.
Thus, the use of this new measure could also provide new
insights into processes of action effect anticipation as well as its
functionality, for instance, in psychopathology. Tantalizing
questions for future research include the degree of automaticity
of the observed anticipatory saccades as well as their adaptation
to different environmental and goal-attainment demands.
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