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SUMMARY

Recent studies claim that visual perception of stimulus features, such as orientation, numerosity, and
faces, is systematically biased toward visual input
from the immediate past [1–3]. However, the extent
to which these positive biases truly reflect changes
in perception rather than changes in post-perceptual
processes is unclear [4, 5]. In the current study we
sought to disentangle perceptual and decisional
biases in visual perception. We found that postperceptual decisions about orientation were indeed
systematically biased toward previous stimuli and
this positive bias did not strongly depend on the
spatial location of previous stimuli (replicating previous work [1]). In contrast, observers’ perception was
repelled away from previous stimuli, particularly
when previous stimuli were presented at the same
spatial location. This repulsive effect resembles the
well-known negative tilt-aftereffect in orientation
perception [6]. Moreover, we found that the magnitude of the positive decisional bias increased when
a longer interval was imposed between perception
and decision, suggesting a shift of working memory
representations toward the recent history as a
source of the decisional bias. We conclude that
positive aftereffects on perceptual choice are likely
introduced at a post-perceptual stage. Conversely,
perception is negatively biased away from recent visual input. We speculate that these opposite effects
on perception and post-perceptual decision may
derive from the distinct goals of perception and decision-making processes: whereas perception may be
optimized for detecting changes in the environment,
decision processes may integrate over longer time
periods to form stable representations.
RESULTS
Experiment 1: Perceptual Decisions Are Attracted
toward Recent Stimuli
Our first aim was to verify whether perceptual decisions are
biased toward stimuli that have been recently perceived, as

has been described before [1]. To this end, 25 human observers
completed a series of trials in which they were presented with
randomly oriented Gabor stimuli and subsequently had to report
the perceived orientation of each stimulus by adjusting a
response bar (Figure 1A). We then analyzed the dependence of
the adjustment responses on the stimulus orientation of the previous trial. We found that adjustment responses were indeed
systematically attracted toward the stimulus orientation of the
previous trial, replicating a previous report [1]. Although the
magnitude of this serial dependence effect was smaller than previously reported, it was highly significant (p < 0.001, group permutation test, see the Supplemental Experimental Procedures)
and the orientation attraction profile had a very similar shape,
with the largest attraction occurring when the relative orientation
difference between previous and current stimuli measured 17
(Figure 2A). This attractive bias was spatially broadly tuned, such
that it was similar in magnitude when the previous stimulus was
presented at a different location 10 visual degrees apart,
compared to when it was presented at the same location
(different location, Figure 2C: max. attraction = 1.17 , p < 0.01;
same location, Figure 2B: max. attraction = 1.15 , p < 0.01;
same versus different: p = 0.47). Interestingly, next to the attraction of responses toward previous stimuli with similar orientations, we also observed a repulsion effect for stimuli that were
more than 60 different (‘‘peripheral bumps’’ in Figure 2A, p =
0.048), which tended to be stronger when stimuli were presented
at the same location (same location: p = 0.018; different location:
p = 0.693; same versus different: p = 0.070; see the Supplemental Experimental Procedures for details). In summary, the results of experiment 1 show that perceptual decisions, in the form
of adjustment responses, are systematically biased toward
similar and repelled from strongly different stimuli that were
seen several seconds ago.
On the basis of these findings, one might be tempted to
conclude that orientation perception is positively biased toward
similar visual input from the recent past. This stands in opposition to the well-studied tilt-aftereffect [6–10], for which perceived
orientation is negatively biased away from previous visual input.
However, in the current experiment, responses probably result
from a combination of perceptual and post-perceptual working
memory and decision processes. Notably, although an initial decision about stimulus orientation can be made by the time the
Gabor stimulus is presented, the final response about stimulus
orientation is occurring only 3 s after the offset of the Gabor
stimulus. Hence, in order to reproduce the stimulus, participants
have to rely on a working memory representation that could also
be biased by stimulus history [4, 5]. Further, reproducing a series
Current Biology 27, 1–6, February 20, 2017 ª 2017 Elsevier Ltd. 1

Please cite this article in press as: Fritsche et al., Opposite Effects of Recent History on Perception and Decision, Current Biology (2017), http://
dx.doi.org/10.1016/j.cub.2017.01.006

Figure 1. Schematic Sequences of Events in
Experiments 1 and 2
(A) Experiment 1. Observers saw a Gabor stimulus
at a priorly cued location and subsequently reproduced the orientation of the stimulus by
adjusting a response bar. On the next trial, the
stimulus was presented either at the same spatial
location (as depicted in the figure) or at a different
location that was 10 visual degrees above or below
the previous stimulus. Stimulus presentation in the
left or right visual field alternated between separate, interleaved blocks.
(B) Experiment 2. Observers were cued to reproduce one of two Gabor stimuli by adjusting a
response bar (adjustment response). Subsequently, two new Gabor stimuli appeared at priorly
cued locations in the left and right visual field.
Those stimuli could appear either at the same
locations as the previous stimuli or 10 visual degrees above or below. Observers had to judge which of the two new stimuli was oriented more clockwise (2AFC).
For detailed illustrations and descriptions of the complete sequences of events within a trial, see Figure S1 and Supplemental Experimental Procedures.

of stimuli with the same type of challenging adjustment response
might facilitate carry-over effects on a higher decisional level that
is independent of perception. Therefore, it is not clear whether
the positive aftereffects measured in adjustment responses
occur at a perceptual or a post-perceptual level.
Experiment 2: Repulsive Perceptual Aftereffects during
Perceptual Comparison Judgment
In order to study biases of stimulus history on perception in a way
that is less vulnerable to post-perceptual processes, a more
direct measure of perception is required. One possibility is to
measure the appearance of a stimulus in direct comparison to
a reference stimulus that is visible at the same time. Such an immediate comparison reduces the potential influence of postperceptual working memory and decision processes and thus
should be systematically biased only if aftereffects caused by
previous stimuli alter perception (see experiment 3 in [1] and
[4]). Consequently, we used this approach in a second experiment in order to examine the effect of stimulus history on perception, as well as its spatial tuning profile. This experiment was
completed by the same set of observers as in experiment 1,
allowing us to relate perceptual biases during experiment 2 to
decisional biases during experiment 1.
Observers had to perform two consecutive tasks on each trial.
First, they were simultaneously presented with two Gabor stimuli
and were cued to reproduce the orientation of one of the stimuli
by adjusting a response bar. We term the cued stimulus
‘‘inducer,’’ since stimulus and task were identical to experiment
1 and induced a perceptual decision at one location. In order to
measure subsequent biases on perception, another two Gabor
stimuli were presented (one at the previously cued location and
one at a location in the opposite hemifield, 20 visual degrees
apart) and observers judged which of the two stimuli was tilted
more clockwise (two-alternative forced choice [2AFC], Figure 1B). We found that the inducer stimulus systematically biased
the perceived orientation of the stimulus that was subsequently
presented at the same location. Crucially, however, instead of a
bias in perception toward the inducer stimulus, we observed a
sizable and highly significant repulsive bias away from the orientation of the inducer (Figure 3A). This negative repulsive effect
2 Current Biology 27, 1–6, February 20, 2017

resembles the well-known tilt-aftereffect in orientation perception [6]. Importantly, the negative aftereffect was markedly
reduced when the inducer stimulus was presented at a different
spatial location than the subsequently presented stimulus
(same location, Figure 3A: DPSE = 1.40 , p < 0.0001; different
location, Figure 3B: DPSE = 0.42 , p = 0.022; same versus
different: p < 0.001; group permutation tests, see the Supplemental Experimental Procedures), in line with previous reports
outlining the retinal specificity of the tilt-aftereffect [11–13]. Overall, our results show that within the same observers, whose
adjustment responses were attracted toward the previous stimulus orientations in experiment 1, perception of stimuli was
repelled away from previous stimulus orientations in experiment
2, and this proved to hold even for observers with the strongest
positive biases in experiment 1 (see Figure S2). This suggests
that the response biases measured in experiment 1 may not be
perceptual in nature, but arise at a post-perceptual working
memory or decision stage.
Experiment 3: Repulsive Perceptual Aftereffects during
Perceptual Equality Judgment
The finding of repulsive perceptual aftereffects in experiment 2
stands in contradiction to results of a previous experiment with
identical experimental design and very similar stimulus parameters that reported attractive serial dependence on perception
(experiment 3 in [1]). This previous experiment was conducted
in a small sample (n = 3), precluding strong conclusions (cf.
n = 25 in current experiment). Nevertheless, we conducted a
third experiment with a new set of 24 naive observers, to replicate and extend our findings and to rule out that small differences in experimental design between experiments 1 and 2,
over and above the different report methods (adjustment versus
perceptual comparison), could have led to opposite effects.
Experiment 3 was similar to experiment 2, except for the
following modifications. First, stimulus orientations in experiment 1 were drawn from the whole interval of possible orientations, whereas in experiment 2 they were constrained to a range
around vertical. Thus, in order to rule out that this difference in
across-trial aggregate orientation statistics between experiments caused the opposite effects, stimulus orientations in
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Figure 2. Group Data and Results of Experiment 1: Positive Bias of Responses toward
Previous Stimuli Transfers across Spatial
Locations
(A) Serial dependence error plot of all trials, irrespective of changes in spatial location. We expressed the response errors (y axis) as a function
of the difference between previous and current
stimulus orientation (x axis). For positive x values,
the previous stimulus was oriented more clockwise
than the current stimulus and for positive y values
the current response error was in the clockwise
direction. Responses are systematically biased
toward the previous stimulus, as is revealed by
the group moving average of response errors
(thin black line). The bias follows a Derivative-ofGaussian shape (DoG, model fit shown as thick
black line). Parameters a and w determine the
height and width of the DoG curve, respectively.
Parameter a was taken as the strength of serial
dependence, as it indicates how much the
response to the current stimulus orientation was biased toward a previous stimulus with the maximally effective orientation difference between stimuli. In addition,
next to the attraction effect between stimuli with similar orientations, the group data revealed a repulsion effect when current and previous stimuli had very
different orientations (difference > 60 ), as can be seen at the peripheral regions of the plot. Shaded region depicts the SEM of the group moving average. See also
Figure S3.
(B) Serial dependence for ‘‘same location’’ trials. Same plot as in (A), but only considering trials for which the previous stimulus was presented at the same location
as the current stimulus.
(C) Serial dependence for ‘‘different location’’ trials. Same plot as in (A), but only considering trials for which the previous and current stimulus location was 10
visual degrees apart.

experiment 3 were randomly drawn from the whole range of
possible orientations. Second, inter-stimulus interval timings in
experiment 3 were slightly adapted to match them exactly to
the timing of experiment 1. Finally, one might be worried that
the negative perceptual bias reported in experiment 2 is a result
of a response bias due to the comparative 2AFC judgment, and
not truly of perceptual nature (e.g., see [14]). Therefore, instead
of asking for a clockwise/counterclockwise judgment in the
2AFC phase, in experiment 3 observers had to judge whether
the two simultaneously presented Gabor stimuli were of same
or different orientation (equality judgment; for detailed methods
see Supplemental Experimental Procedures).
Despite similar timing and orientation statistics, and using a
perceptual equality judgment instead of a comparative judgment, we found a highly significant negative aftereffect on orientation perception, which was virtually identical in magnitude to
our previous finding (Figure 3C: DPSE = 1.39 , p < 0.0001).
Additionally, the current experiment also allowed us to systematically investigate the influence of the previous trial’s stimuli on the
adjustment response on the current trial. We found a robust
attraction of adjustment responses toward the inducer stimulus
on the previous trial (p < 0.001). Again, this attraction effect was
spatially broadly tuned and transferred between subsequent
inducer stimuli presented 20 visual degrees apart (Figure S3A;
same location: max. attraction = 1.27 , p < 0.01; different location: max. attraction = 1.25 , p = 0.029; same versus different:
p = 0.47). Crucially, no such influence was exerted by the temporally closer 2AFC stimuli of the previous trial (Figure S3B; same
location: max. attraction = 0.17 , p = 0.43; different location:
max. attraction = 0.35 , p = 0.28; same versus different: p =
0.2), suggesting that the positive decisional bias is driven by previous perceptual decisions about overall orientation, rather than

the previous stimuli as such. Together, these findings demonstrate that decisions about inducer stimuli attract subsequent
similar decisions, although they exert a repulsive effect on the
perception of intervening stimuli. Therefore, these findings add
strong support for the hypothesis that perception and postperceptual decisions are concurrently biased into opposite
directions.
Experiment 4: Positive Decision Bias Grows during
Post-Perceptual Period
Although our previous experiments suggest that the positive bias
arises at a post-perceptual stage of the decision-making process, the specific nature of the bias is not elucidated by these
experiments. One possibility is that the working memory representation of the current stimulus is biased toward previous
perceptual decisions. This idea is supported by the fact that, in
contrast to experiments 2 and 3, in experiment 1 observers
had to reproduce each stimulus on the basis of a memory representation. Indeed, previous studies reported trial-to-trial carryover effects in short-term memory [4, 5]. Consequently, making
decisions about perceptual experiences (e.g., the percept of
the current stimulus) on the basis of a biased working memory
representation of those experiences could lead to a positive
bias. One prediction of this view is that the positive bias may
be stronger if information about the current stimulus has to be retained in working memory for a longer duration before it is reproduced, effectively granting more time for the working memory
representation to be biased. In order to test this prediction, we
asked 25 new observers to complete a series of trials in which
they had to reproduce the orientations of randomly oriented Gabor stimuli via an adjustment procedure, similar to experiment 1.
Crucially, on half of the trials participants could start the
Current Biology 27, 1–6, February 20, 2017 3
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Figure 3. Results of Experiments 2 and 3: Repulsive Bias of Perception away from Previous Stimuli Is Spatially Specific and Does Not Depend
on Judgment Method
(A) Psychometric curves for the comparative 2AFC judgment in experiment 2, when the inducer stimulus was presented at the same location as the subsequent
2AFC stimulus. Observers had to indicate which of the two simultaneously presented 2AFC stimuli was oriented more clockwise. We expressed the probability of
a ‘‘right’’ response (y axis) as a function of the orientation difference between right and left 2AFC stimuli (x axis). For positive x values, the right stimulus was
oriented more clockwise. We binned the trials in two bins according to the expected influence of the inducer stimulus. Red data points represent trials in which a
positive bias of the inducer would favor a ‘‘right’’ response, while blue data points represent trials in which it would favor a ‘‘left’’ response. As can be seen from the
psychometric model fits (blue and red lines), the result is opposite from what would be expected under a positive bias. In other words, perception is negatively
biased away from the previous stimulus (p < 0.0001). The magnitude of the negative bias did not depend on the strength of positive decisional biases measured in
experiment 1 (see Figure S2).
(B) Same plot as in (A) but the locations of inducer and subsequent 2AFC stimulus were 10 visual degrees apart. The negative bias was greatly reduced (same
versus different location: p < 0.001) but still significant (p = 0.022).
(C) Results for the equality judgment in experiment 3. Observers had to indicate whether the two simultaneously presented 2AFC stimuli had the same or a
different orientation. We expressed the probability of a ‘‘same’’ response (y axis) as a function of the relative orientation of the 2AFC stimulus, which appeared in
the opposite hemifield of the inducer stimulus (unbiased stimulus) with respect to the orientation of the 2AFC stimulus, presented at the same location as the
inducer stimulus (biased stimulus). For positive x values, the unbiased stimulus was oriented more clockwise. Red data points represent trials in which the inducer
stimulus was oriented counterclockwise with respect to the biased 2AFC stimulus, while blue data points likewise indicate a clockwise tilt of the inducer. As can
be seen from the Gaussian model fits (blue and red lines), the unbiased stimulus had to be tilted in the opposite direction of the inducer tilt, in order for observers to
perceive the 2AFC stimulus orientations as equal (p < 0.0001). This repulsive perceptual aftereffect was nearly identical in magnitude to that found in experiment 2.
All data points represent group means and error bars depict SEMs.

adjustment response 300 ms after stimulus offset, whereas on
the other half of the trials (pseudo-randomly interleaved), the
start of the adjustment response was delayed by 3,750 ms (for
detailed methods see Supplemental Experimental Procedures
and Figure S4). In line with our prediction, we found that the positive bias considerably increased in magnitude with increasing
response delay on the current trial (Figure 4; short delay: max.
attraction = 1.08 , p < 0.001; long delay: max. attraction =
1.64 , p < 0.0001; short versus long: p = 0.0235). This suggests
that the post-perceptual decision bias occurs due to a shift of the
working memory representation of the current stimulus toward
recent perceptual decisions. Moreover, this finding provides
additional evidence against a perceptual account of the positive
bias. In particular, the manipulation of the response delay could
not have influenced the way observers perceived the stimulus,
as everything was equal up to the point where the stimulus
was perceived. Therefore, our finding of a change in bias due
to a post-perceptual manipulation renders a perceptual interpretation of the effect unlikely.
DISCUSSION
In a set of four psychophysical experiments, we show that recent
history biases perception and post-perceptual decisions in
opposite directions. In experiments 2 and 3, which measure
the appearance of visual stimuli, we found that perception was
repelled away from previous stimuli. In contrast, experiments 1
and 4 revealed that post-perceptual decisions in the same
4 Current Biology 27, 1–6, February 20, 2017

observers were attracted toward previous stimuli. Moreover, in
experiment 4 we showed that the positive attraction effect
increased during the post-perceptual retention period, suggesting dynamic biases in working memory as a potential underlying
source of the decisional bias. Further, our experiments demonstrate different spatial tuning profiles of the opposite biases:
while negative perceptual dependencies are marked by a high
spatial specificity, positive post-perceptual dependencies pool
over a very broad range of spatial locations. This novel dissociation of serial dependencies in perception and decision stands
in opposition to previous reports of positive perceptual serial
dependence [1–3, 15, 16] and highlights the importance of
studying effects of sensory history on perceptual and postperceptual processes in separation.
Negative Bias on Perception
The negative perceptual bias in experiments 2 and 3 was
spatially specific and resembles the well-studied negative tiltaftereffect in orientation perception [6–13], which is part of a
larger family of negative adaptation effects [17–21]. It is widely
assumed that adaptation serves to optimize visual processing
[22–24] and maximizes sensitivity to change in the adapted
feature dimension [25–27]. Therefore, we speculate that the
adaptation effect reported in the current study might be a consequence of one important goal of the visual system, namely to
maximize sensitivity to changes in the physical environment.
The presence of adaptation effects in the current experiments
might be surprising, as stimuli were presented only briefly, had a
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Figure 4. Results of Experiment 4: Positive Decisional Bias Increases when a Longer Delay Is Imposed between Stimulus Presentation and Reproduction
Similar serial dependence error plot as in Figure 2. We separately considered
trials in which participants could give the adjustment response shortly after
stimulus offset (purple lines) or only after a longer delay (orange lines). As revealed by the group moving averages of response errors (thin lines) and the
respective DoG model fits (thick lines), responses were more strongly attracted to the previous stimulus orientation on trials with a longer delay between stimulus presentations and subsequent adjustment responses. Shaded
regions depict the SEMs of the group moving averages. For detailed task
description, see Supplemental Experimental Procedures and Figure S4.

relatively low contrast, and were backward masked by noise
patches. Nevertheless, adaptation was still observable after a
period of 5 s. Although adaptation effects to low-contrast,
sub-second stimulation have been previously reported [23, 28],
adaptation usually decays very rapidly [29–31]. However, it is
plausible that not the previous stimulus itself, but rather a memory trace of the previous stimulus lingering in visual short-term
memory is the cause of the five-seconds-long adaptation reported in the current study [32, 33].
Positive Bias on Post-Perceptual Decision
In opposition, the post-perceptual bias measured in adjustment
responses attracted decisions toward previous stimuli. Interestingly, in experiment 3 the attraction effect on adjustment responses was present only when observers made a perceptual
decision about the overall stimulus orientation on the previous
trial (adjustment response), but not when the previous stimuli
were judged in terms of their relative orientation difference
(equality judgment). This reliance on the particular decision
about the previous stimulus renders it likely that not the previous
stimulus itself but rather the previous perceptual decision
caused the decisional bias on the next trial. Moreover, we found
evidence that the decisional bias likely results from a postperceptual shift of working memory representations of the current stimulus toward previous perceptual decisions, in line with
previous reports of trial-to-trial carryover effects in short-term
memory [4, 5]. Whether working memory is the only source of
this bias, or whether other higher-level phenomena, such as

decision inertia [34] or self-suggestion processes, contribute to
this bias is an exciting question for future research.
Interestingly, next to positive biases of adjustment responses
toward previous stimuli with similar orientations, we also
observed negative biases when visual input changed drastically.
In other words, when there was a large difference between adjacent stimuli, adjustment responses were repelled away from previous stimuli. Whether these repulsive effects are of perceptual
or decisional nature remains to be tested in future experiments.
Concurrently to adaptation effects in perception, the positive
biases on post-perceptual working memory content and decisions might serve an important, yet distinct, functional role.
Although it is vital to remain sensitive to changes in the immediate present, the physical environment does usually not change
drastically over short timescales [35]. Consequently, biasing
working memory representations and thus perceptual decisions
toward similar recent decisions would make those more robust
to random fluctuations that do not reflect actual changes in the
external environment.
While the functional distinction between positive and negative
biases remains speculative at the moment, a variety of interesting
questions arises. For instance, it will be interesting to investigate
how the temporal tuning profiles between positive decisional and
negative perceptual biases compare. Moreover, it will be important to further elucidate which aspects of the recent history, such
as previous stimuli or decisions, contribute to perceptual and
decisional biases, respectively. Additionally, it remains to be
tested whether and how the opposite biases develop for different
settings of stimulus parameters, i.e., contrast, stimulus duration,
and additional noise. Finally, it will be vital to elucidate the neural
mechanisms that underlie these perceptual and decisional
biases [36]. Recently, it has been demonstrated that repulsive
adaptation and attractive hysteresis processes map onto distinct
higher-order fronto-parietal and early visual cortical networks,
respectively [37]. Previously summarized as perceptual effects,
it will be crucial to test the nature of those processes more stringently, as advocated in the current study.
Conclusions
Our results demonstrate opposite biases of the recent history on
perception and post-perceptual decision processes. While
perception is repelled away, post-perceptual decisions are attracted toward the recent history. Therefore, the current study
highlights the importance of carefully dissociating between
perceptual and post-perceptual effects of temporal context.
We speculate that the opposite biases on perceptual and postperceptual processes may imbue the nervous system with an
optimal balance between sensitivity and stability that is required
to operate successfully in the environment.
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Figure S1. (Related to Figure 1) Sequence of events within each trial of Experiment 1 and 2.
(A) Experiment 1. Participants saw a Gabor stimulus at one of four possible locations and subsequently reproduced
the orientation of each stimulus by adjusting a response bar. Stimulus presentation in left vs. right visual field was
constant within a block and alternated across blocks. Presentation in upper vs. lower visual field could vary across
trials. The location of the upcoming stimulus was cued in the beginning of each trial. Importantly, the final response

about stimulus orientation is delayed with respect to the stimulus presentation. Hence, participants have to rely on a
working memory representation in order to reproduce the stimulus. Further, the challenging nature of the continuous
response may intensively involve post-perceptual decision processes. Thus, responses are not only a product of the
perceptual appearance of the stimulus, but also influenced by post-perceptual working memory and decision
processes. Therefore, any dependency of current response on the previous stimulus may be due to a bias on
perceptual or post-perceptual processes.
(B) Experiment 2. Participants were cued to reproduce one of two subsequently presented Gabor stimuli. The cued
stimulus was termed ‘inducer’ stimulus as its function was to induce perceptual biases. The inducer was presented at
one of four possible locations (randomized across trials), and the uncued stimulus was presented in the opposite
hemifield. After the adjustment response, participants were cued about the locations of two new Gabor patches.
Those could either appear at the same location as the previous stimuli or 10 visual degrees above or below.
Participants’ task was to judge which one of the two new stimuli was oriented more clockwise (2AFC judgment).
For a perceptual bias, we expected the inducer to alter the perceived orientation of the 2AFC stimulus subsequently
presented at the same location, but not (or to a much smaller degree) the perceived orientation of the 2AFC stimulus
far in the opposite visual field (20 visual degrees distance, e.g. see Experiment 5 in Fischer & Whitney’s study [S1]
for a spatial tuning profile of serial dependence). As a consequence of the altered appearance of one of the stimuli,
the 2AFC judgment should be systematically biased according to the orientation of the inducer stimulus. The smaller
vertical change in location (10 visual degrees) between inducer and 2AFC stimulus on half of the trials allowed us to
assess the spatial tuning of the perceptual bias. Importantly, the 2AFC judgment reflects the momentary appearance
of the biased stimulus in comparison to a reference stimulus visible at the same time. This allows for a more direct
assessment of perceived orientation. Crucially, in contrast to Experiment 1 a final decision about the percept can be
made immediately after stimulus onset, as all information that is required for the decision is available
simultaneously and can be converted in a simple left/right response. This reduces the potential influence of later
higher-level decision processes. Further, participants do not have to rely on working memory representations of the
stimuli when giving their final response, making the response a more direct reflection of what is perceived instead of
post-perceptual judgments of what has been perceived.

Figure S2. (Related to Figure 3) Median split analysis of Experiment 2: One might surmise that the negative biases
in Experiment 2 are caused by a few observers that also showed weakly positive or negative biases in Experiment 1.
In order to investigate the relationship between the biases in the two experiments, we applied a median split of the
group of participants according to the magnitude of their bias in Experiment 1. We then analyzed the data of
Experiment 2 within these two groups with the same methods as in the main analysis. In the subgroup with weak
biases in Experiment 1 (upper figure panels), we found a significant negative bias when the inducer and test stimuli
were presented at the same spatial location (p < 0.001), but not when presented at different spatial locations (p =
0.053; same vs. different: p = 0.047). Importantly, we found a similar pattern of results in the subgroup with strong
positive biases in Experiment 1 (lower figure panels; same location: p < 0.001; different location: p = 0.163; same
vs. different: p < 0.01). Data points represent subgroup means ± SEM (see also Figure 3). Additionally, in order to
assess the difference in magnitudes of the negative bias between subgroups we performed a permutation test. For
each permutation, we repartitioned the group of participants into two random subsets and estimated the magnitude of
the negative biases in each subgroup. We collected the difference of biases between the subgroups in a permutation
distribution. We repeated this permutation procedure 10,000 times. As p-values we report the percentage of
permutations that led to equal or higher differences of biases than the one estimated on the empirical data. The
significance level was set to α = 0.025 (two-tailed permutation test). The exchangeability requirement for
permutation tests is met, because under the null hypothesis of no difference of biases between the two subgroups,
the group can be randomly repartitioned into two random subgroups. There was no significant difference in bias
magnitude between subgroups (p = 0.49). In line with this result, we found no correlation between the biases
measured in the two experiments (same location: r = 0.20, p = 0.34; different location: r = -0.03, p = 0.898).
Conclusively, the analyses show that even participants with the strongest positive decisional bias in Experiment 1
show a pronounced negative perceptual bias in Experiment 2. Thus, there appears to be no relationship between
decisional and perceptual biases.

Figure S3. (Related to Figure 2) Biases on adjustment responses in Experiment 3. Using the whole range of
orientations in Experiment 3 allowed us to systematically investigate the influence of the previous trial’s inducer and
2AFC stimuli on the adjustment response on the current trial.
(A) Positive dependency on previous inducer stimulus. We investigated whether the adjustment responses about the
inducer stimulus on the current trial would be systematically biased towards the orientation of the inducer stimulus
on the previous trial. Similar to Experiment 1, we expressed the response errors (y axis) as a function of the
difference between previous and current inducer stimulus orientation (x axis). For positive x axis values the previous
inducer stimulus was oriented more clockwise than the current inducer stimulus and for positive y values the current
response error was in the clockwise direction. We conducted this analysis separately for consecutive trials in which
the inducer stimuli were presented at the same spatial location, and when the spatial location changed (20 visual
degrees). As can be seen from the group moving averages of response errors (thin lines) and respective DoG model
fits (thick lines), there is an attraction of adjustment responses towards the inducer stimulus orientation of the
previous trial, which is not dependent on spatial location (same location [purple lines]: max. attraction = 1.27°, p <
0.01; different location [orange lines]: max. attraction = 1.25°, p = 0.029; same vs. different: p = 0.47). Shaded
regions depict the SEMs of the group moving averages.
(B) No positive dependencies on previous 2AFC stimuli. Next to investigating dependencies on the previous
inducer, to which a perceptual decision in the form of an adjustment response was made, we also investigated the
dependencies on the 2AFC stimuli of the previous trial, which were judged in terms of their relative orientation
difference (equality judgment). Crucially, we found no attraction of adjustment responses towards the previous
2AFC stimuli (same location [purple lines]: max. attraction = -0.17°, p = 0.43; different location [orange lines]: max.
attraction = 0.35°, p = 0.28; same vs. different: p = 0.2). This suggests that the positive decisional bias is driven by
previous perceptual decisions about overall orientation, rather than the previous stimuli as such.

Figure S4. (Related to Figure 4) Sequence of events within each trial of Experiment 4. Participants saw a Gabor
stimulus at 6.5° left or right from fixation (alternated across blocks) and subsequently reproduced the orientation of
each stimulus by adjusting a response bar. Crucially, the adjustment response was delayed by either 50 ms (short
response delay) or 3500 ms (long response delay). Introducing such a response delay allowed comparing biases on
post-perceptual decisions at different times after stimulus offset, while keeping everything equal up to the point
where the stimulus was perceived.

Supplemental Experimental Procedures

General Methods
Participants were recruited from the institute’s subject pool and received either monetary compensation or study
credits. All participants provided written informed consent prior to the start of the study. The study was approved by
the Radboud University Institutional Review Board. All participants had normal or corrected-to-normal visual
acuity.
Stimuli were generated with the Psychophysics Toolbox for MATLAB [S3] and were displayed on a 24” flat panel
display (Benq XL2420T, resolution 1920 x 1080, refresh rate: 60Hz). Participants viewed the stimuli from a
distance of 53 cm in a dimly lit room, resting their head on a table-mounted chinrest.
All data analyses were performed with MATLAB [S4], the CircStat Matlab toolbox for circular statistics [S5] and
the Palamedes Matlab toolbox for analyzing psychophysical data [S6].

Experiment 1 & 2
Participants
Twenty-five naïve participants participated in both Experiment 1 and 2. One participant was excluded from data
analysis due to problems of seeing peripherally presented stimuli during the experiments. Thus, data of twenty-four
participants (19 female, age 18 – 27 years) were analyzed.

Procedure
All participants completed both experiments in two separate sessions. The order of experimental sessions was
counterbalanced. Experimental sessions were conducted on different days, but scheduled no longer than five days
apart.

Experiment 1
Stimuli & Design
The sequence of events within each trial is illustrated in Figure S1. Throughout the entire experiment a central white
fixation dot of 0.25° visual angle diameter was presented on a mid-grey background. Participants were instructed to
maintain fixation at all times. First, a cue (white disc windowed by a 0.7° Gaussian envelope) appeared at 10°
horizontal and 5° vertical eccentricity from fixation for 350 ms. Presentation in the left and right visual field was
alternated in separate interleaved blocks, while presentation in the upper and lower visual field was pseudorandomized across trials. After further 350 ms of fixation, a randomly oriented Gabor patch (windowed sine wave
grating) was presented at the same location as the cue. Gabor patches were windowed by a Gaussian envelope
(1.5°s.d.), had a spatial frequency of 0.33 cycles/° with fixed phase, and were presented at 25% Michelson contrast.
After 500 ms, the Gabor patch was replaced by a noise patch, presented for 1000 ms, to minimize effects of visual
afterimages. The noise patches consisted of white noise, smoothed with a 0.3° s.d. Gaussian kernel, windowed by a
Gaussian envelope (1.5° s.d.) and presented at 50% contrast. A response bar (0.6° wide white bar windowed by a
1.3° Gaussian envelope) appeared 250 ms after the offset of the noise patch at the same location. The participants’
task was to adjust the response bar such that it matched the orientation of the Gabor patch seen just before. Once
adjusted to the desired position, the response was submitted by pressing the space bar. The response was followed
by a 2 seconds inter-trial-interval. Each participant completed a series of 808 trials, divided into 8 blocks, leading to
a total experiment duration of ~100 min. After each block, participants received feedback about their mean

(absolute) response error. The temporal sequence of stimulus presentations in the upper and lower visual field was
counterbalanced with respect to the stimulus location of trial n and n-1. Consequently, on half of the trials stimuli
were presented at the same spatial location as the previous stimulus (same-location trials), while on the other half of
the trials the spatial location of current and previous stimulus changed (different-location trials).

Data Analysis
Outlier Correction
In the first step of data analysis we excluded those trials in which the response error
(shortest angular distance between stimulus and response orientation) was further than three circular standard
deviations away from the participant’s mean response error. This was done in order to exclude trials on which the
participant gave random responses due to blinks or attentional lapses during stimulus presentation as well as due to
inadvertent responses. After that, response errors were demeaned for each participant to remove general clockwise
or counterclockwise response biases that were independent of biases due to stimulus history. On average 9.08 ± 6.96
trials (mean ± s.d.) of 808 trials were excluded per participant and the overall mean response error was 7.21 ± 1.45°.
Quantifying Serial Dependence on Group Level
Next, we quantified the systematic bias of adjustment
responses towards the previous stimulus orientation, i.e. serial dependence. For each participant, response errors
were expressed as a function of the difference between previous and current stimulus orientation. For positive values
of this difference, the previous stimulus was oriented more clockwise than the current stimulus. Similarly, positive
response errors denote trials in which the response bar was adjusted more clockwise than the stimulus.
Consequently, data points in this error plot (Figure 2) that have x and y values of the same sign represent trials in
which the response error was in the direction of the previous stimulus orientation. In order to quantify the systematic
bias, we pooled the response errors of all participants and fitted the first derivative of a Gaussian curve (DoG, see
2
[S1]) to the group data. The DoG is given by 𝑦 = 𝑥𝑎𝑤𝑐𝑒 −(𝑤𝑥) , where x is the relative orientation of the previous
trial, a is the amplitude of the curve peaks, w is the width of the curve and c is the constant √2/𝑒 −0.5 . The constant c
is chosen such that parameter a numerically matches the height of the curve peak. The amplitude parameter a was
taken as the strength of serial dependence, as it indicates how much the response to the current stimulus orientation
could be biased towards a previous stimulus with the maximally effective orientation difference between stimuli.
For all model fits, the width parameter w of the DoG curve was treated as a free parameter, constrained to a wide
range of plausible values (w = 0.02 – 0.2).
Further, we quantified serial dependence separately for same-location and different-location trials. To this end, we
split the data according to changes in spatial location and repeated the model fitting procedure separately for the two
subsets of trials.
Statistical Analysis on Group Level
We used permutation tests to statistically assess serial dependence
effects on the group level measured in (1) all trials, (2) same-location trials and (3) different-location trials. For each
of these cases permutation tests were conducted in the following way: a single permutation was computed by first
randomly inverting the signs of each participant’s response errors (i.e. changing the direction of the response errors).
This is equivalent to randomly shuffling the labels between the empirically observed data and an artificial null
distribution of no serial dependence (a flat surrogate response error distribution) and subtracting the two conditions
from each other per participant. Subsequently, we fitted a new DoG model to the pooled group data and collected
the resulting amplitude parameter a in a permutation distribution. We repeated this permutation procedure 10,000
times. As p-values we report the percentage of permutations that led to equal or higher values for a than the one
estimated on the empirical data. The significance level was set to α = 0.025 (two-sided permutation test). The
exchangeability requirement for permutation tests is met, because under the null hypothesis of no serial dependence,
the labels of the empirically observed data and an artificial null distribution of no serial dependence are
exchangeable.
In order to assess the difference of serial dependence between same-location and different-location trials we used
permutations tests. For each permutation, we randomly shuffled the condition labels of the same-location and
different-location condition of each participant. We then fitted DoG models to the permuted conditions, pooled
across participants, and recorded the difference between the amplitude parameters a. We repeated this procedure
10,000 times. As p-values we report the percentage of permutations that led to an equal or more extreme amplitude

difference than the one we observed in the experiment. The significance level was set to α = 0.025 (two-sided
permutation test). The exchangeability requirement for permutation tests is met, because under the null hypothesis of
no difference in serial dependence between same-location and different-location conditions, the condition labels are
exchangeable.
Quantifying Serial Dependence on Participant Level
In order to split up the group in participants that had
strongest vs. weakest serial dependence, single subject estimates of serial dependence were required. In some cases,
appropriate model fits to the participant’s data could not be obtained, as their data did not strongly follow the DoG
model’s shape. In order to obtain estimates of serial dependence on the participant level independent of model fit,
we used a model free quantification. To this end, for each participant we binned the response errors in two bins
according to the relative orientation of the previous stimulus. Motivated by previous findings [S1] we chose the bins
to range from [-60, 0] and [0, 60] deg. Subsequently, we computed the mean circular response error in each bin and
subtracted the mean response error for negative relative previous orientations from the mean response error for
positive relative previous orientations. The resulting value is positive when responses in the two bins are on average
biased towards the previous stimulus orientation and negative when biased away. This analysis was conducted
separately for same-location trials and different-location trials. The participants’ serial dependence estimates were
used to relate aftereffects on decision, measured in this experiment, to aftereffects on perception, measured in
Experiment 2.
Quantifying Repulsive Effects for Extreme Orientation Differences
The same analysis that was employed to
quantify serial dependence on the participant level was used to quantify repulsive effects on responses when the
difference between current and previous stimulus orientation was large. To this end we defined peripheral bins
ranging from [-90, -60] and [60, 90] deg. The remainder of the analysis proceeded as described above. Statistical
significance of the repulsive effects was tested with a repeated measures ANOVA and post-hoc one-sample t-tests
for the same and different location condition. The significance levels of all tests was set to α = 0.05.

Experiment 2
Stimuli & Design
In Experiment 2 participants had to perform two consecutive tasks on each trial. First, participants performed an
adjustment task similar to that of Experiment 1 (adjustment response). Subsequently, two Gabor stimuli were
presented (one at the location of the previous adjustment response, and one at a location 20 visual degrees apart) and
participants judged which of the two stimuli was tilted more clockwise (two-alternative forced choice, 2AFC).
The detailed sequence of events within each trial is illustrated in Figure S2. Unless otherwise stated, stimulus
parameters where the same as in Experiment 1. First, a cue appeared at 10° horizontal and 5° vertical eccentricity
from fixation and informed participants about the location of the stimulus whose orientation they would need to
reproduce. Afterwards, two Gabor patches were presented – one at the location of the cue, the other in the opposite
hemifield – and subsequently masked by two noise patches. Next, a response bar appeared at the location of the cued
stimulus and participants had to adjust the bar’s orientation to that of the stimulus. The submission of the response
was followed by a 1300 ms period of fixation. The second half of each trial started with two cues simultaneously
presented for 350 ms. The cues were either presented at the same locations as the adjustment stimuli (same-location
trials), or 10° above or below, respectively (different-location trials). After 350 ms of fixation, two Gabor patches
were presented at the locations of the cues. Orientations of both Gabor stimuli were constrained to the range of -14.5
and 14.5° around vertical and the orientation difference between the stimuli was varied between -9 to 9° in steps of
3°. After 500 ms the stimuli were masked by noise patches, presented for 1000 ms. After the offset of the noise
patches, participants had to indicate which one of the two stimuli was oriented more clockwise (or
counterclockwise, instruction was varied in separate blocks) by pressing the left or right arrow key. The response
was followed by a 1,500 ms fixation period after which the next trial began.
Crucially, the orientations of the first set of stimuli (adjustment stimuli) were chosen as follows. The stimulus at the
cued location was tilted either -20 or 20° with respect to the 2AFC stimulus subsequently appearing at the same side
of fixation. This orientation difference has been previously shown to induce maximal serial dependence effects on
perceptual choices [S1]. The stimulus at the uncued location had a random orientation in the range of -34.5 and
34.5°, the range in which all stimulus orientations fell. Thus the stimulus orientation at the uncued location had no

systemic relationship with either of the two 2AFC stimuli appearing afterwards.
Each participant completed 8 blocks of 56 trials each, leading to a total experiment duration of ~105 min. After each
block, participants received feedback about their average (absolute) response error on the adjustment task and
accuracy on the 2AFC task. The order of same-location and different-location trials, as well as the tilt direction and
vertical position of the adjustment stimulus were counterbalanced and pseudo-randomized across trials.

Data Analysis
The purpose of the adjustment phase of each trial was to introduce a stimulus history, which could subsequently
induce a bias in the perceived orientation of the Gabor presented later in the same trial at the same or vertically
nearby location. Hence, we refer to the adjustment stimulus as the inducer stimulus. First, we binned the data into
two bins according to the influence of the inducer stimulus on the 2AFC response that would be expected under
positive perceptual serial dependence. For instance, for a trial in which the 2AFC stimulus in the right visual field
was preceded by an inducer stimulus that was oriented 20° more clockwise, serial dependence would bias the
perceived orientation of the right stimulus in the clockwise direction. Consequently, when judging which 2AFC
stimulus was oriented more clockwise, choosing the stimulus in the right visual field would be facilitated. Similarly,
for a trial in which the 2AFC stimulus in the left visual field was preceded by a 20° more counterclockwise inducer
stimulus, serial dependence would bias the perceived orientation of the left stimulus in the counterclockwise
direction, again making it more likely that the participant would judge the stimulus in the right visual field as more
clockwise. These two types of trials were combined in the same ‘bias right’ bin, since the inducer stimuli would
facilitate a ‘right’ response in both cases. Analogously, we collected the trials for which serial dependence would
make participants more likely to report the stimulus in the left visual field as more clockwise in a ‘bias left’ bin. The
binning procedure was performed separately for same-location and different-location trials.
In order to quantify the biases on perceived orientation we fitted psychometric functions to the group data in each
bin separately. The psychometric function is given by Ψ(𝑥; 𝛼, 𝛽, 𝜆) = 𝜆 + (1 − 2𝜆) 𝐹(𝑥; 𝛼, 𝛽), where Ψ describes
the proportion of ‘right’ responses and F is a cumulative Gaussian distribution. Parameters α and β determine the
location and slope of the psychometric function and x denotes the orientation difference between right and left 2AFC
stimuli. Parameter λ accounts for stimulus independent lapses and was fixed to 0.01. Importantly, α corresponds to
the point of subjective equality (PSE); the orientation difference between right and left stimulus for which
participants perceived the orientations as equal. We estimated PSEs for ‘bias right’ and ‘bias left’ conditions and
quantified the overall bias on perception with ΔPSE = PSEbias left - PSEbias right, separately for same-location and
different-location trials. For positive ΔPSEs perception is attracted towards the inducer orientation, consistent with
perceptual serial dependence, and for negative ΔPSEs perception is repelled away from the inducer orientation,
representing negative tilt-aftereffects.
We tested for a significant difference between PSEbias left and PSEbias right (ΔPSE) using a permutation test. For each
permutation we randomly permuted the labels of the ‘bias left’ and ’bias right’ trials per participant and fitted
psychometric functions to the resulting group data. We recorded the ΔPSE of the permutation data in a permutation
distribution. We repeated this procedure 10,000 times. As p-values we report the percentage of permutations that led
to an equal or more extreme ΔPSE than the one we observed in the experiment. The significance level was set to α =
0.025 (two-sided permutation test). The exchangeability requirement for permutation tests is met, because under the
null hypothesis of no perceptual bias by the inducer stimulus, the ‘bias left’ and ‘bias right’ labels are exchangeable.
Permutation tests were conducted separately for same-location and different-location conditions.
Further, we tested whether perceptual biases (ΔPSEs) were significantly different between same-location and
different-location conditions, using a permutation test. For each permutation, we randomly permuted the labels of
the same-location and different-location trials per participant and fitted psychometric functions to the resulting
group data. We recorded the difference between ΔPSEs of the same-location and different-location condition in a
permutation distribution. We repeated this procedure 10,000 times. As p-values we report the percentage of
permutations that led to an equal or more extreme difference in ΔPSEs than the one we observed in the experiment.
The significance level was set to α = 0.025 (two-sided permutation test). The exchangeability requirement for
permutation tests is met, because under the null hypothesis of no difference of perceptual biases between samelocation and different-location conditions, the location condition labels are exchangeable.

Experiment 3
Experiment 1 and 2 suggest opposite effects on perception and post-perceptual decisions. Although the experiments
are very similar in terms of experimental settings, some differences over and above the different report methods
(adjustment vs. perceptual comparison) do exist. In particular, in Experiment 2 stimulus orientations are constrained
to a range around vertical (matching Experiment 3 in Fischer & Whitney’s study [S1]), whereas in Experiment 1
they are drawn from the whole interval of possible orientations. Therefore, the across-trial aggregate orientation
statistics differ between the two experiments. Further, the time between inducer and 2AFC stimulus in Experiment 2
is on average ~700 ms shorter than the time between previous and current stimulus in Experiment 1. In order to
claim opposite effects on perception and post-perceptual decisions one must show that these small differences
between the experiments cannot explain the diverging results. Moreover, one might be worried that the negative
perceptual bias reported in Experiment 2 is a result of a response bias, and not truly of perceptual nature (e.g. see
[S2]). We conducted Experiment 3 in order to overcome all of the above concerns.

Participants
Twenty-four naïve participants (19 female, age 18 – 43 years) participated in Experiment 3.

Procedure
Experiment 3 was conducted in a single experimental session.

Stimuli & Design
Experiment 3 was similar to Experiment 2 and unless otherwise stated, the stimulus parameters, timings and task
instructions were the same. In contrast to Experiment 2, in which the 2AFC stimulus orientations were confined to a
range around vertical, the overall 2AFC stimulus orientations in Experiment 3 were randomly drawn from the whole
range of possible orientations, i.e. [0,180]. However, similar to Experiment 2, the orientation difference between the
two 2AFC stimuli was varied between -9 to 9° in steps of 3°, and the priorly presented adjustment stimulus (inducer)
was tilted either -20 or 20° with respect to the 2AFC stimulus subsequently appearing at the same location. Different
from Experiment 2, in the adjustment phase there was only one Gabor stimulus (inducer) shown at the cued location,
i.e. the irrelevant stimulus at the uncued location was omitted. As a further difference between experiments, instead
of asking for a clockwise/counterclockwise judgment in the 2AFC phase, participants had to judge whether the two
simultaneously presented Gabor stimuli were of same or different orientation. Finally, we increased the duration of
the fixation period after the submission of the adjustment response from 1,300 to 2,000 ms to match the time
between inducer offset and 2AFC stimulus onset to the timing between previous and current trial’s stimuli of
Experiment 1. Similarly, the duration of the fixation period between trials was increased from 1,500 to 2,000 ms. All
stimuli were presented at 10° horizontal eccentricity from fixation.
Each participant completed 8 blocks of 56 trials each, leading to a total experiment duration of ~120 min. After each
block, participants received feedback about their average (absolute) response error on the adjustment task. The
horizontal location and tilt direction of the adjustment stimulus was counterbalanced and pseudo-randomized across
trials.

Data Analysis
Perceptual Bias Similar to Experiment 2, we investigated the influence of the inducer stimulus on the appearance
of the 2AFC stimulus presented later in the same trial at the same location. To this end, we binned the data into two
bins according to the inducer’s orientation with respect to the subsequent 2AFC stimulus. Hence, the ‘inducer-ccw’
bin contained all trials in which the inducer stimulus was oriented 20° more counterclockwise than the subsequent
2AFC stimulus, whereas the ‘inducer-cw’ bin contained all trials in which the inducer stimulus was oriented 20°
more clockwise than the subsequent 2AFC stimulus. Next, we fitted Gaussian models to the group data in each bin
𝑥−𝑏 2

separately. The Gaussian model is given by Ψ(𝑥; 𝑎, 𝑏, 𝑐) = 𝑎𝑒 −( 𝑐 ) , where Ψ describes the proportion of ‘same
orientation’ responses. Parameters a, b and c determine the amplitude, location and width of the Gaussian,

respectively, and x denotes the relative orientation of the 2AFC stimulus, which appeared in the opposite hemifield
of the inducer stimulus, henceforth referred to as the unbiased stimulus, with respect to the orientation of the 2AFC
stimulus, presented at the same location as the inducer stimulus, henceforth referred to as the biased stimulus.
Importantly, location parameter b corresponds to the point of subjective equality (PSE): the orientation difference
between unbiased and biased stimulus for which participants perceived the orientations as equal. For b>0 the
unbiased stimulus had to be oriented more clockwise, in order be perceived as equal to the biased stimulus, while for
b<0 it had to be oriented more counterclockwise. We estimated PSEs for ‘inducer-cw’ and ‘inducer-ccw’ bins and
quantified the overall bias on perception with ΔPSE = PSEinducer-cw – PSEinducer-ccw. For positive ΔPSEs perception is
attracted towards the inducer orientation, while for negative ΔPSEs perception is repelled away from the inducer
orientation.
We tested for a significant difference between PSEinducer-cw and PSEinducer-ccw (ΔPSE) using the same permutation test
approach as in Experiment 2, i.e. randomly permuting the bin-labels ‘inducer-cw’ and ‘inducer-ccw’ per participant.
The significance level was set to α = 0.025 (two-sided permutation test).
Decisional Bias Using the whole range of orientations for the 2AFC stimuli furthermore allowed us to assess the
influence of the previous trial’s stimuli on the adjustment response to the inducer stimulus on the current trial. In
Experiment 2, this possibility was precluded due to the narrow range of orientations that occurred in the experiment,
which made it difficult to separate biases due to serial dependencies from other biases, such as the oblique bias [S9,
S10]. Therefore, in the current experiment, we quantified the systematic bias of adjustment responses towards the
orientation of the inducer stimulus and 2AFC stimuli on the previous trial. For both previous inducer and 2AFC
stimuli, we separately analyzed the biases exerted by stimuli presented at the same or different spatial location as the
inducer stimulus on the current trial. To this end, we used the exact same group level analysis procedures described
in the Supplemental Methods section of Experiment 1.

Experiment 4
Participants
Twenty-five naïve participants participated in Experiment 4. One participant aborted the experiment during the first
session due to nausea symptoms and was consequently excluded from the remainder of the experiment and data
analysis. Thus, data of twenty-four participants (15 female, age 18 – 30 years) were analyzed.

Procedure
Experiment 4 was conducted in two separate sessions. Experimental sessions were conducted on different days, but
scheduled no longer than three days apart. The experimental procedures were similar across the two sessions.

Stimuli & Design
The detailed sequence of events within each trial is illustrated in Figure S4. The experiment was similar to
Experiment 1 and unless otherwise stated, the stimulus parameters were the same. At the beginning of each trial, the
fixation dot briefly dimmed for 250 ms to indicate the upcoming appearance of a randomly oriented Gabor patch.
After further 250 ms, the Gabor was presented at 6.5° horizontal eccentricity from fixation. Presentation in the left
and right visual field was alternated in separate interleaved blocks. After 250 ms, the Gabor was replaced by a noise
patch, also presented for 250 ms. The offset of the noise patch was followed by either a 50 ms (short response delay)
or a 3500 ms (long response delay) period of fixation. Subsequently, a randomly oriented response bar appeared at
the same location and participants adjusted the bar’s orientation to reproduce the orientation of the Gabor seen just
before. Participants were instructed to submit their response by pressing the space bar within a fixed response period
of 3000 ms. After submitting the response, the bar disappeared from the screen. When participants failed to respond
within the response period, the fixation dot’s color briefly changed to red (250 ms). The response period was
followed by an intertrial interval (ITI) with one of two lengths, contingent on the response delay: in short response
delay trials the ITI was 4200 ms, whereas in long response delay trials it was 750 ms. This timing, together with the
fixed response interval, ensured that the Gabor on the following trial was always presented exactly 8 seconds after
the offset of the Gabor on the current trial, regardless of the length of the response delay. Each participant completed

1,212 trials, divided into 12 blocks that were distributed over two sessions. The duration of one session was ~ 110
min. After each block, participants received feedback about their mean (absolute) response error, averaged over
response delays. The temporal sequence of short and long response delays was counterbalanced with respect to the
response delay of trial n and n-1, such that each combination of response delays on the current and previous trial
occurred equally often.

Data Analysis
Outlier Correction
In the first step of data analysis we excluded those trials in which the response error
(shortest angular distance between stimulus and response orientation) was further than three circular standard
deviations away from the participant’s mean response error. This was done separately for short and long response
delay trials in order to prevent a bias towards removing long delay trials, for which response error distributions had a
higher variance. The outlier correction was done in order to exclude trials on which the participant gave random
responses due to blinks or attentional lapses during stimulus presentation as well as due to inadvertent responses.
After that, response errors of all trials were demeaned for each participant to remove general clockwise or
counterclockwise response biases that were independent of biases due to stimulus history. For short response delay
trials, an average of 9.25 ± 5.78 trials (mean ± s.d.) of 606 trials was excluded per participant. For long response
delay trials, 9.58 ± 6.83 trials were excluded. Participants failed to give a response within the response period in
18.38 ± 22.27 trials. Mean (absolute) response errors were significantly larger for long response delay trials than for
short response delay trials (long: 9.14 ± 2.32°; short: 7.67 ± 2.04°; t23 = 8.89, p = 6.75 × 10-9; paired t-test),
indicating that the working memory representation of the Gabor’s orientation deteriorated during the response delay.
Quantification & Statistical Analysis of Serial Dependence
We quantified and statistically assessed serial
dependence separately for short and long response delay trials. To this end, we split the data according to the
response delay on the current trial and applied the exact same group level analysis as in Experiment 1. Similar to
assessing the difference of serial dependence between same-location and different-location trials in Experiment 1,
we assessed the difference of serial dependence between short and long response delay trials with a permutation test
(described in Data Analysis section of Experiment 1). The significance level was set to α = 0.05 (one-sided
permutation test).
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