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Abstract

Visual attention is often inadvertently captured by salient stimuli. It was suggested that it is possible to prevent attentional
capture in some search tasks by suppressing salient stimuli below baseline. Evidence for attentional suppression comes from a
probe task that was interleaved with the main search task. In the probe task of Gaspelin et al. (Psychol Sci 26(11):1740-1750,
2015. https://doi.org/10.1177/0956797615597913), letters were shown on the stimuli of the search display and participants
had to identify as many letters as possible. Performance was found to be worse for letters shown on the distractor compared
to non-salient non-target stimuli, suggesting that distractor processing was suppressed below baseline. However, it is unclear
whether suppression occurred at the level of perception or decision-making because participants may have reported letters
on the distractor less frequently than letters on nontargets. This decision-level bias may have degraded performance for
letters on distractor compared to nontarget stimuli without changing perception. After replicating the original findings, we
conducted two experiments where we avoided report bias by cueing only a single letter for report. We found that the differ-
ence between distractor and nontarget stimuli was strongly reduced, suggesting that decision-level processes contribute to
attentional suppression. In contrast, the difference between target and non-target stimuli was unchanged, suggesting that it
reflected perceptual-level enhancement of the target stimuli.

Introduction

From the many stimuli in the environment, only a few can
be selected for in-depth processing. A number of theories
have been advanced to explain how selection is achieved
(Bundesen, 1990; Desimone & Duncan, 1995; Eimer, 2014,
Schneider, 2013; Treisman & Gelade, 1980; Wolfe, 2021).
An interesting test case for any theory of visual attention is
a situation with a highly salient distractor competing with a
less salient target because it reveals the interplay of bottom-
up saliency and top-down search goals (Awh et al., 2012;
Kruger et al., 2017; Lamy et al., 2012; Luck et al., 2021).
To explain how top-down search goals can prevent dis-
traction, Gaspelin and Luck (2018b) proposed that process-
ing of salient-but-irrelevant distractors is suppressed below
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baseline level. They define attention broadly as “a set of
processes by which some stimuli receive greater process-
ing resources or greater weight in decisions at the expense
of others” (p. 80). However, it is also possible to consider
attention exclusively as a resource in the context of per-
ceptual processing. In particular, attention may result in
“spatially specific processing enhancements for candidate
target objects at specific locations” (Eimer, 2014 p. 526).
In the current contribution, we distinguish between early
attentional processes that modulate perception (Carrasco,
2011; Dosher & Lu, 2000) and later attentional processes
that modulate decision-making (Luck & Thomas, 1999;
Schonhammer et al., 2017; Shiu & Pashler, 1994). That
is, we suggest that suppression may occur at early and late
stages, an assumption that was already implicit in Gaspelin
and Luck’s (2018b) definition of attention. Perceptual-level
suppression is consistent with the early occurrence of an
electrophysiological marker of attentional suppression, the
P component. The latency of the P is typically around
200-250 ms after stimulus onset (Burra & Kerzel, 2013;
Gaspar & McDonald, 2014; Hickey et al., 2009), but some
studies reported latencies as short as 110-140 ms (Sawaki
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& Luck, 2010; Weaver et al., 2017). In contrast, changes in
the weight of stimuli in decision processes occur after early
perceptual processes. Thus, we refine the idea of attentional
suppression introduced by Gaspelin and Luck (2018b) by
distinguishing between perceptual- and decision-level sup-
pression. Among other things, perceptual-level suppression
may reduce the subjective clarity of the stimulus, whereas
decision-level suppression may reduce the probability of
reporting a stimulus.

While the suppression of salient-but-irrelevant distrac-
tors is desirable, the ability to successfully deal with dis-
tractors is limited. One condition promoting attentional
suppression is feature search (Gaspelin et al., 2015). In
feature search, participants search for a particular shape
among various shapes and report a feature inside this
shape (Bacon & Egeth, 1994). For instance, participants
may search for a circle among a diamond, a square and
a hexagon (see Fig. 1), and report the position of a dot
inside the circle. In these small search displays with vari-
ous shapes, RTs were found to be shorter when one of the
three non-targets had a color different from the others.
The stimulus with the odd color was irrelevant because
the target shape was always shown in the majority color.
Typically, RTs increase when one of the nontarget shapes
has a color different from the others (Theeuwes, 1991,
1992), but in this condition, search times were shorter in
the presence of a distractor. To explain the reduced search
times, the suppression hypothesis assumes that processing
of the distractor was pushed below baseline level. As a
result, the effective set size of the search display dropped
from four to three stimuli, which allowed for shorter search
times. Similarly, oculomotor capture by the distractor was
reduced compared with nontargets (Adams et al., 2022;
Gaspelin et al., 2017). That is, when the size of the feature
inside the target required participants to make a saccade to
the target, fewer erroneous saccades went to the distractor
than to nontargets. However, it is unclear whether percep-
tual- or decision-level suppression accounts for these find-
ings. Because the distractor was never the target, it could
be entirely excluded from decisions about where to direct
the saccade. Alternatively, the lack of eye movements to
the distractor could mean that the stimulus was perceived
less clearly.

Thus, search RTs and oculomotor capture do not allow
for a distinction between perceptual- and decision-level sup-
pression because participants made responses to the target
so that suppression of the distractor may either reflect the
reduced probability of containing the target or reduced sen-
sory evidence. To solve this problem, Gaspelin et al. (2015)
used the probe letter task where participants reported the
identity of probe letters on all stimuli, not just the target
(Gaspelin & Luck, 2018a; Gaspelin et al., 2015; Stilwell
& Gaspelin, 2021; Wang & Theeuwes, 2020). The probe
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letter task was interleaved with regular search trials but was
administered less frequently than the search task to avoid
changes in participants’ search strategy. On probe trials, let-
ters were briefly presented on all stimuli of the search dis-
play and participants were asked to identify as many letters
as possible. Performance was best for letters shown on the
target shape, as would be expected if participants followed
the instruction to look for the target shape. More interest-
ingly, letter identification was worse on the distractor than
on nontarget stimuli, consistent with the idea that distractor
processing was suppressed below baseline (see also Chang
& Egeth, 2019, 2020). Because the probe letters were only
briefly presented and masked, the worse performance with
distractor than with nontarget stimuli appears to reflect
perceptual-level suppression of the distractor. That is, the
perceptual quality of letters on the distractor stimulus may
have been worse because the distractor was attentionally
suppressed.

Recently, however, Lien et al. (2021) provided evidence
against perceptual-level suppression of salient stimuli in the
probe letter paradigm. Lien et al. (2021) showed that probe
performance was worse on any nontarget stimulus that could
be excluded from search, regardless of whether it was sali-
ent. In particular, Lien et al. (2021) compared displays with
a single stimulus in the distractor color to displays in which
several stimuli were in the distractor color. If attentional
suppression was deployed to counter capture from salient
elements, the probe suppression effect should be stronger
with a single than with multiple distractors because only
the single stimulus was salient. However, letter identifica-
tion on stimuli in the distractor color was reduced for sali-
ent and non-salient distractors, which is inconsistent with
perceptual-level suppression of salient distractors. Rather,
the reduced performance could be ascribed to strategic
behavior and decision-level suppression. In the search task,
the target shape was never in the distractor color. There-
fore, participants may have suppressed the distractor during
decision-making in the probe letter task, which may have
decreased letter identification compared to non-targets shar-
ing the target color.

In the current contribution, we explored report bias as
another decision-level mechanism resulting in worse per-
formance on distractor than on nontarget stimuli. In this
study, we focused on the small search displays shown in
Fig. 1. In the probe letter task, participants were free to
choose the locations to report and it cannot be ruled out
that they reported letters on some locations less frequently.
For instance, there may have been a bias against report-
ing the letter on the distractor location because the target
shape could never be in the distractor color. A bias against
reporting letters on the distractor would result in worse per-
formance compared to nontargets in the majority color. As
laid out in the results section, only about 61%-94% of the
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Fig. 1 Schematic illustration of the search and probe paradigms in
Experiments 1-3. Participants were instructed to search for a spe-
cific shape (e.g., the circle). On search trials, participants indicated
whether the dot inside the target shape was on the left or right. In the
interleaved and less frequent probe task, participants indicated the

reported letters in the probe task were correct. Because let-
ter report was free, it is not possible to match the wrong
letters to the actual letters shown on the target, non-target
or distractor stimuli. Therefore, it is not possible to evaluate
report bias in the original version of the probe letter task.
However, changes in the frequency of reports are likely to
occur. For instance, an exogenous cue (i.e., a flash in the
periphery) may induce a bias to select the cued location in

identity of letters that were briefly flashed on the search array. In the
free recall procedure, participants reported as many letters as possi-
ble. In the procedure with response cue, participants reported the let-
ter indicated by the response cue

an unrelated spatial decision task (Danziger & Rafal, 2009).
This selection bias may result in the spurious impression that
perception improved at the location of the cue. For instance,
Shiu and Pashler (1994) found improved performance at the
cued location, but only when participants were uncertain
about where the target had appeared. In this situation, the
cue may have biased participants to report the stimulus at the
cued location more frequently, which improved performance

@ Springer



Psychological Research

at this location. In contrast, without uncertainty about the
target location, performance at the cued location was com-
parable to performance at un-cued locations, suggesting that
the cue did not enhance perceptual-level processes. Thus,
uncertainty about which stimulus to report may result in
a bias to report the cued stimulus. To prevent such report
bias, studies on exogenous cueing used response cues which
instructed participants to report the probe stimulus at a cer-
tain location (see p. 1493 in Carrasco, 2011). Response
cues eliminate uncertainty about which location to report.
Further, response cues keep the working memory load at a
single item, which avoids potential biases in the transfer or
maintenance of letters in visual working memory.

In the current contribution, we compared three probe
tasks that aimed at measuring perceptual performance on
the target, distractor and nontarget locations. Experiment
1 replicated the standard probe task from Gaspelin et al.
(2015), whereas Experiments 2 and 3 used modified probe
tasks with a response cue to remove location uncertainty and
reduce report bias. If a report bias against distractor stimuli
contributed to distractor suppression, then we expect the dif-
ference between distractor and nontarget stimuli to decrease
from the original to the modified probe tasks. Our argument
is similar to Shiu and Pashler’s (1994) in that we suggest
that a report bias may arise from location uncertainty com-
bined with the occurrence of a salient event. Unlike Shiu and
Pashler (1994), however, we argue that a salient distractor
in feature search is less likely to be reported, whereas their
study suggested that that a cued stimulus was more likely
to be reported.

Experiment 1: free recall

Experiment 1 served to replicate the standard findings from
the probe letter task. We introduced three changes to make
the task more similar to Experiments 2 and 3. First, par-
ticipants had to indicate at least one letter, which makes the
task more similar to the forced choice task in Experiments 2
and 3. In previous studies, participants were allowed to not
respond in the probe task, but it is unclear how often this
occurred. Second, feedback was given after each trial. In pre-
vious studies, no or only summary feedback was given. We
provided feedback to motivate participants and allow them
to optimize their performance, but we do not know whether
this worked as expected. Third, we changed the percentages
of distractor-present and -absent trials to 60—40 instead of
50-50. This was necessary to have a sufficient number of
probe trials for the distractor in Experiments 2 and 3.
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Methods
Participants

The study was modeled after Experiment 3 in Gaspelin
et al. (2015), which had 24 subjects. We increased the
sample size from 24 to 40 in this and the following experi-
ment because it was likely that some datasets would be lost
because of ceiling effects. The effect size for the difference
between letter identification at the nontarget and distrac-
tor locations in Experiment 3 of Gaspelin et al. (2015) was
Cohen’s d_=1.14. Similarly, Lien et al. (2021) reported a
Cohen’s d,=0.95. With a sample size of 40 and a Cohen’s
d, of 0.95, G*Power 3 (Faul et al., 2007) indicates a mini-
mal #(39) = 1.68 (bilateral) and a power of 0.99. There were
40 undergraduate psychology students in Experiment 1 (9
male; age: M=21.3 years, SD =1.8). Students participated
for class credit or were paid 20 Swiss Francs. They reported
normal or corrected-to-normal vision.

Apparatus

To display the stimuli, we used a 22.5-inch VIEWPixx
Light (VPixx Technologies Inc., Saint-Bruno, Canada) at
a temporal resolution of 100 Hz and a spatial resolution of
1920 1200 pixels. Color coordinates and luminance were
measured by a ColorCAL MKII colorimeter (Cambridge
Research Systems, Rochester, UK). Participant’s head was
restrained by a chin/forehead rest at a distance of 66 cm.
The experiment was run by the Psychtoolbox (Kleiner et al.,
2007). Responses were collected with a mouse.

Stimuli

A black fixation cross (0.5°x 0.5°, linewidth 0.07°) was
shown unless otherwise noted. One geometric shape was
shown left, right, above and below the fixation cross at a
distance of 2° (center-to-center). The circle had a diameter
of 1.4°. The square and diamond had a side length of 1.2°.
The hexagon had horizontal and vertical diameters of 1.3°
and 1.5°, respectively. The dots were squares with a side
length of 0.1° and were shown 0.5° to the left or right of the
center of the geometric shapes. As probe stimuli, letters in
Arial (height of 0.7°) were shown. To avoid that any of the
letters would stand out in the probe display because of its
size, we applied the following selection criteria. The letters
were selected to have a width between 0.5° and 0.7° and a
total number of lit pixels between 1280 and 1680. In addi-
tion, the letter Q was removed because of its similarity to the
letter O. The 21 letters fulfilling these criteria were A, B, C,
D,E,F,G,H,K,L,N,O,P,R,S, T, U, V, X, Y, Z. The hash
sign was used as mask. The response display showed a 5 x5
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matrix with the 21 possible letters in alphabetical order and
four fillers (%, ?, &, $) at the end to have a square matrix.
The spacing between letters in the response display was 1.3°
(center-to-center). Feedback in the probe task was provided
by surrounding the correct letters with a circle (diameter of
1.3°) for 1000 ms. Feedback about wrong responses in the
search task was provided by a short flicker of the fixation
mark (50 ms on/off in three cycles).

The geometric shapes were shown in one of two colors
selected in CIELAB-space on an isoluminant color wheel
(luminance of 58.8 cd/m? or L* =61, saturation of 59, rota-
tion of 0° and 180°). The xyY coordinates were red (0.390,
0.303, 57.8) and green (0.179, 0.408, 57.8) with Y in cd/
m?. The stimuli were presented against a medium gray
background (0.282, 0.357, 28.7). The dots and letters were
shown in the same gray as the background. The letters in
the response display were shown in light gray (0.28, 0.355,
61.7). Selected letters and mouse-overs in the response dis-
play were indicated in bright red (0.639, 0.313, 58.6).

Design

The search task was performed on 70% of the trials and
the letter probe task on 30%. To increase the number of
task switches that would promote effects of search on probe
identification, we limited the number of repetitions of the
search task to seven (for a discussion of this issue, see Sup-
plementary Material). The distractor was present on 60% of
the trials and absent on 40%. On distractor-absent trials, all
shapes were shown in the same color. On distractor-present
trials, a randomly determined nontarget shape was shown
in a different color. The locations of target and non-target
shapes were random. Similarly, the location of the dot inside
each shape was random with the constraint that there be two
dots on the left and two on the right. The letters in the probe
task were selected randomly without replacement from the
21 available letters. The target shape (circle or square) and
the majority color (red or green) were fixed for each par-
ticipant and counterbalanced across participants. After 100
trials, feedback about the percentage of correct responses in
each task was displayed for at least 2 s in a self-terminated
break. Participants worked through three blocks of 200 tri-
als. Thus, there were 108 probe + 252 search trials =360
trials with distractor and 72 probe + 168 search trials =240
trials without distractor.

Procedure

A trial started with the presentation of the fixation cross for
randomly 700—1050 ms. On search trials, the search display
appeared and remained on the screen until a response was
collected. Participants were instructed to locate the target
shape and indicate the dot location by mouse click. Left and

right dot locations were mapped onto left and right mouse
buttons, respectively. Participants were told to respond as
rapidly and accurately as possible while making less than
10% errors. They were informed that the target shape would
never be shown in the singleton color. On probe trials, the
search display was shown for 200 ms before the probe letters
were superposed for 100 ms and then masked for 200 ms.
Participants were instructed to identify the probe letters
in the following response display. To select and unselect
letters in the response display, they pressed the left mouse
button. To indicate that they were done, they pressed the
right mouse button. Participants were forced to choose at
least one letter and were encouraged to guess if they were
unsure. They were also told that speed did not matter in the
probe task.

Before the experiment started, participants performed
three training blocks. In the first and second training blocks,
the search and probe tasks were performed separately. In the
third training block, the tasks were mixed as in the experi-
ment. Participants practiced the task until they felt comfort-
able with it, but at least for 50 trials in training blocks 1 and
3, and for 25 trials in training block 2.

Results

For the search task, we removed trials with RTs longer than
2000 ms and trials with choice errors. This resulted in the
loss of 0.3% and 2% of trials, respectively. Mean RTs and
probe performance are shown in Fig. 2 and scatterplots are
shown in Fig. 3. Consistent with distractor suppression, RTs
in the search task were 14 ms shorter on distractor-present
than -absent trials (624 vs. 637 ms), #(39)=4.68, p<0.01,
Cohen’s d,=0.74.

In the probe task, participants selected 2.5 letters on aver-
age and 61% of these letters were correct. In comparison,
1.7 letters were selected with 94% correct in Experiment
3 of Gaspelin et al. (2015), 2.1 letters with 63% correct in
Experiment 1 of Gaspelin and Luck (2018a), and 1.6 letters
with 71% correct in Experiment 1 of Lien et al. (2021). For
convenience, the number of selected letters and percentage
of correct letters can be converted into the number of cor-
rect letters. In the current study, 1.5 letters were correctly
recalled compared to 1.6 letters in Gaspelin et al. (2015), 1.3
in Gaspelin and Luck (2018a), and 1.1 in Lien et al. (2021).
Thus, performance in the current study was comparable to
previous studies.

To assess distractor suppression in the probe task, we
compared percentages of correct identifications for letters
shown on distractor and non-targets shapes. Only distractor-
present trials were considered. We found lower percentages
for letters on the distractor than on nontarget shapes (21.6%
vs. 28.1%), 1(39)=4.86, p <0.01, Cohen’s d,=0.77, yielding
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Fig.2 Performance in the search and probe tasks in Experiments
1-3. The upper panels show search reaction times (RT) on distractor-
absent and distractor-present trials. The lower panels show the per-
centage of correct letters in the probe task. Performance was probed
on the target position, the nontarget positions, and the distractor posi-
tion (if present). Error bars show the between-participant standard
error of the mean, which was smaller than the symbols in the lower
panels

a mean suppression score of 6.5%. Our suppression score
appears smaller than the suppression score of 12% reported
by Gaspelin et al. (2015), but comparable to the 7% reported
by Gaspelin and Luck (2018a) and the 8% reported by Lien
et al. (2021)

Next, we evaluated differences between probe letter identifi-
cation at target and nontarget locations as a function of distrac-
tor presence. We subjected individual percentage of correct
responses to a 2 (distractor: present, absent) X 2 (shape: target,
nontarget) ANOVA. The percentage of correct identifications
was 1.4% larger on distractor-present than -absent trials (49.7%
vs. 48.3%), F(1, 38)=8.20 p<0.01, np2 =0.174, confirming
that suppression of the distractor freed resources for the pro-
cessing of target and nontarget stimuli as suggested by Gaspe-
lin et al. (2015). In addition, performance was 42.1% better for
letters on the target shape than for letters on nontarget shapes
(70.1% vs. 27.9%), F(1, 39)=190.95, p<0.01, np2=0.882,
suggesting that the probe task reflected the expected alloca-
tion of attention to the target shape. We refer to the difference
between target and nontarget shapes as target advantage score.
The interaction was not significant, (1, 39)=2.22, p=0.145,
1, =0.054.
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Discussion

The present experiment replicated the main results from
Gaspelin et al. (2015) with our adjustments of the probe
task. First, RTs in the search task were shorter on distractor-
present than -absent trials. Second, letter identification in
the probe task was worse for letters on the distractor com-
pared to nontarget stimuli suggesting that the processing
of distractor stimuli was suppressed below baseline. Third,
identification performance was better for letters on the target
compared to letters on nontargets. The size of the effects
was comparable to previous studies, showing that the addi-
tion of trial-by-trial feedback, the restricted run length, the
smaller set of probe letters, the requirement to indicate at
least one letter and the larger percentage of distractor-present
trials did not alter the results. Concerning the latter point,
it is possible that only more extreme variations of distrac-
tor prevalence result in changes of the distractor effect. For
instance, it was demonstrated that RTs on distractor-present
trials increased more strongly with 20% distractor-present
trials compared to 50% or 80% (Geyer et al., 2008; Miiller
et al., 2009). However, it is difficult to draw firm conclu-
sions from prior research because we observed shorter RTs
on distractor-present compared to distractor-absent trials,
whereas previous research found the opposite.

Experiment 2: response cue with masked
letters

In Experiment 2, we changed the probe letter task to reduce
report bias and memory load (see Fig. 1). A response cue
appeared directly after presentation of the probe stimulus
and participants were asked to report the letter in the direc-
tion of the cue.

Methods

Forty-four undergraduate psychology students partici-
pated, but only 42 participants were retained in the final
sample (4 male; age: M =21.5 years, SD =3.4). The meth-
ods were the same as in Experiment 1 except that the probe
task was different. On probe trials, the probe display was
followed by the response cue, which remained on the
screen until a response was registered. As a response cue,
the fixation cross extended one of its branches by 0.2°
toward one of the stimuli and participants had to report
the letter at the indicated location. Participants selected a
single letter in the response display and confirmed their
choice by a left mouse click. In the response display,
the response cue was superposed on the letter “P”, but
remained visible because it was black whereas the letters
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were gray. The same design as in Experiment 1 was used
except that participants performed 1000 instead of 600
trials. More trials were necessary because target, distrac-
tor and nontarget stimuli were probed on different trials,
and not simultaneously as with free recall. There were 300
probe trials which were distributed as follows. On distrac-
tor-present trials, there were 45 trials for the target shape,
45 trials for the distractor shape and 90 trials for the two
nontarget shapes. On distractor-absent trials, there were 30
trials for the target and 90 trials for the nontarget shapes.

Results

Two participants did not follow the instructions to keep
the error rate in the search task below 10%. Therefore,
their datasets were discarded. For the remaining data from
the search task, we removed trials with RTs longer than
2,000 ms and trials with choice errors. This resulted in the
loss of 1.0% and 1.9% of trials, respectively. Consistent
with distractor suppression, RTs in the search task were
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shorter by 7 ms on distractor-present than -absent trials
(696 vs. 703 ms), #(41)=1.93, p=0.06, Cohen’s d,=0.30.
The group means are shown in Fig. 2 and a scatterplot
with individual means is shown in Fig. 3 (bottom row).
To evaluate differences between Experiments 1 and 2, we
conducted a 2 (Experiment: 1, 2) X 2 (distractor: present,
absent) mixed ANOVA on RTs. We confirmed the shorter
RTs in the presence than in the absence of a distractor
(660 vs. 670 ms), F(1, 80)=19.00, p<0.01, np2=0.192.
Further, RTs were shorter in Experiment 1 than 2 (631
vs. 700 ms), F(1, 80)=12.76, p<0.01, np2=0.138. Pos-
sibly, participants delayed their responses in the search
task to make sure that the response cue for the probe task
was not shown. Importantly, the effect of distractor pres-
ence was not modulated by experiment, F(1, 80)=1.77,
p=0.19, np2=0.022, showing that the delay induced by
the response cue in Experiment 2 did not change distrac-
tor processing.

To assess distractor suppression in the probe task, we
compared percentages of correct identifications for let-
ters shown on distractor and non-targets shapes. Only
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distractor-present trials were considered. The difference
of 2.7% between distractor and non-targets was significant
(15.2% vs. 12.5%), ((41) =2.44, p=0.02, Cohen’s d,=0.38.
However, suppression scores were smaller than with
free recall in Experiment 1 (2.7% vs. 6.5%), #(80)=2.23,
p=0.03, Cohen’s d;=0.49. Because overall performance
on the probe task was lower in Experiment 2 than 1, it may
be that the reduced suppression scores resulted from floor
effects. Therefore, we excluded four participants with mean
performance below 5% in the critical distractor and nontar-
get conditions. However, the results for the remaining par-
ticipants were unchanged, which argues against floor effects.

Next, we evaluated differences between probe letter iden-
tification at target and non-target locations as a function of
distractor presence. We subjected individual percentage
of correct responses to a 2 (distractor: present, absent) X 2
(shape: target, nontarget) ANOVA. The percentage of cor-
rect identifications was similar on distractor-present and
-absent trials (36.3% vs. 35.8%), F(1, 32)=0.25, p=0.62,
np2= 0.006, which is at odds with the results from Experi-
ment 1 and Gaspelin et al. (2015). Further, performance
was better by 41.2% for letters on the target shape than
for letters on the nontarget shapes (56.7% vs. 15.5%),
F(1, 32)=219.61, p<0.01, np2 =0.843, showing that the
probe task was sensitive to the expected deployment of
visual attention. The interaction was not significant, F(1,
32)=1.86, p=0.18, np2=0.043.

Further, we compared the target-advantage scores from
Experiments 1 and 2 by independent samples t-test. Tar-
get-advantage scores were similar in Experiments 1 and 2
(42.2% vs. 41.2%), 1(80)=0.79, p=0.79, Cohen’s d;=0.06.
The overall percentage of correct letters was higher in
Experiment 1 than 2 (37.6% vs. 25.4%), t(80)=5.36,
p<0.01, Cohen’s d,=1.18.

Discussion

We used the same stimuli and search task as in Experiment
1 but modified the probe task. Instead of the free recall pro-
cedure introduced by Gaspelin et al. (2015), we presented a
response cue after the probe display and participants had to
report the letter indicated by the cue. Thereby, we removed
uncertainty about which stimulus to report and prevented
differences in the frequency of reports (i.e., report bias).
Experiment 2 replicated two key findings from Experiment
1. First, search RTs were shorter on distractor-present than
-absent trials, consistent with the standard distractor-sup-
pression effect. While this effect was not quite significant
with two-sided testing (p =0.06) in Experiment 2, it would
be justified to perform a one-sided test given the strong
expectations derived from Experiment 1 and the litera-
ture. In this case, statistical significance would be reached.
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Second, performance was better for probes on the target
compared to probes on nontarget stimuli, showing that the
probe task reflected the expected attentional selection of
the search target. These findings confirm that the modified
probe task did not change basic characteristics of the tasks.
However, the modified probe task deviated in an important
aspect from the original probe letter task. Notably, the differ-
ence between distractor and nontarget stimuli was strongly
reduced. Because the improved performance at the target
location was unchanged, whereas the worse performance
at the distractor location was reduced, the two effects may
have different origins. The improved performance at the
target location is likely to reflect perceptual enhancement
(Carrasco, 2011) or noise exclusion (Dosher & Lu, 2000),
whereas the worse performance at the distractor location
may partially reflect report bias or other forms of decision-
level suppression. Consistently, Experiment 2 showed a
reduction of probe suppression scores, but the difference
between nontarget and distractor stimuli was not completely
eliminated. It could be that the remaining difference reflects
perceptual-level suppression, but other explanations may
apply (see General Discussion). One issue with the current
procedure is that there were many changes in the periph-
ery occurring around the onset of the response cue, which
may have delayed its perception. Delayed perception of the
response cue may have reduced performance on the probe
task because participants failed to transfer the probed let-
ter into visual working memory before it was erased from
iconic memory (Sperling, 1960). To remedy this shortcom-
ing, we removed the peripheral onsets around the time of the
response cue and simplified the stimulus displays.

Experiment 3: response cue with binary
choice

The task was modeled after previous research on attentional
enhancement of perception by endogenous and exogenous
cues (e.g., Dosher & Lu, 2000; Ling & Carrasco, 2006a,
2006b). To this end, only two possible probe letters were
used (“0” and “+”). For ease of exposition, we refer to the
two shapes as letters even though “+ is a symbol. Unlike in
Experiments 1 and 2, performance was limited by the short
presentation time (similar to Ling & Carrasco, 2006a). In
pilot testing, we found that performance dropped to chance
level with efficient masks (e.g., “+” and “0” superposed),
which is why we did not include a mask. Note that the
hashtag masks in Experiments 1 and 2 were inefficient as
there was little correspondence between the features of the
letters and the mask. Masking increases with featural simi-
larity between target and masks (e.g., Hermens & Herzog,
2007).
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Methods

Forty students participated and 36 datasets were retained
(4 male; age: M =22.6 years, SD=5.7). The methods were
the same as in Experiment 2 except that the probe task was
different. On probe trials, the duration of the probe display
was reduced from 100 to 70 ms to avoid ceiling effects.
The probe display was followed by the response cue, which
remained on the screen until a response was registered. The
letters in the probe display were “0” and “+” with diameters
of 0.7°, drawn in a pen width of 0.07°. Two letters of each
kind were randomly assigned to the stimuli. Responses were
collected on a RESPONSEPixx Handheld 5-button response
box (VPixx Technologies Inc., Saint-Bruno, Canada). Par-
ticipants pressed the left button for “o” and right button for
“+47. The same buttons were also used for the search task
where participants pressed the left button for a dot on the
left and the right button for a dot on the right.

Results

The percentage of correct probe responses was close to ceil-
ing for some participants. As ceiling effects reduce vari-
ability (see red data points in the right column of Fig. 3),
we removed four datasets from analysis. As a criterion for
exclusion, we chose 95% of overall correct responses. Keep-
ing these subjects in the analysis or arcsine-transforming
individual means did not change the results.

For data from the search task, we removed trials with
RTs longer than 2,000 ms and trials with choice errors. This
resulted in the loss of 0.7% and 1.8% of trials, respectively.
Consistent with distractor suppression, RTs in the search
task were shorter by 10 ms on distractor-present than -absent
trials (700 vs. 710 ms), #(35)=2.19, p=0.02, Cohen’s
d,=0.37. The group means are shown in Fig. 2 and a scat-
terplot with individual means is shown in Fig. 3 (bottom
row). To evaluate differences between Experiments 1 and 3,
we conducted a 2 (Experiment: 1, 3) X2 (distractor: present,
absent) mixed ANOVA on RTs. We confirmed the shorter
RTs in the presence than in the absence of a distractor (662
vs. 674 ms), F(1,74)=19.98, p<0.01, np2=0.213. Further,
RTs were shorter in Experiment 1 than 3 (631 vs. 705 ms),
F(1,74)=13.72, p<0.01, np2=0.156. As in Experiment 2,
participants may have waited for the response cue to confirm
its absence before responding to the search target. Impor-
tantly, the effect of distractor presence was not modulated
by experiment, F(1, 74)=0.52, p=0.47,1,”=0.007, show-
ing that the deployment of attention was not affected by the
response cue.

To assess distractor suppression in the probe task, we
compared percentages of correct identifications for letters

shown on distractor and non-targets shapes. Only distrac-
tor-present trials were considered. The difference of 2.1%
between distractor and non-targets was not significant
(78.1% vs. 80.0%), 1(35)=1.7, p=0.10, Cohen’s d,=0.28.
Because visual inspection of Fig. 3 (top row) suggests that
the variability in individual distractor suppression scores
was similar between Experiments 1 and 3, we compared
suppression scores from Experiment 1 and 3 by independ-
ent samples t-test. Suppression scores were smaller with the
response cue in Experiment 3 than with free recall in Experi-
ment 1 (2.1% vs. 6.5%), t(74)=2.37, p=0.02, Cohen’s
d;=0.55. Note that the variance of the suppression scores
was similar according to Levene’s test, F < 0.1, p=0.85.

Next, we evaluated differences between probe letter iden-
tification at target and nontarget locations as a function of
distractor presence. We subjected individual percentage
of correct responses to a 2 (distractor: present, absent) X 2
(shape: target, nontarget) ANOVA. The percentage of cor-
rect identifications was similar on distractor-present and
-absent trials (85.3% vs. 85.3%), F(1, 32)<0.01, p=0.94,
np2 <0.001, which is at odds with the results from Experi-
ment 1 and Gaspelin et al. (2015). Further, performance was
better by 9.9% for letters on the target shape than for letters
on the nontarget shapes (90.2% vs. 80.3%), F(1, 32)=58.88,
p<0.01, np2= 0.627, showing that the probe task was sen-
sitive to the expected deployment of visual attention. The
interaction was not significant, F(1, 32)=0.12, p=0.736,
n,”=0.003.

Further, we compared the target-advantage scores from
Experiments 1 and 3 by independent samples t-test. Target-
advantage scores were larger in Experiment 1 than 3 (42.2%
vs. 9.9%), t(58.2)=11.60, p<0.01, Cohen’s d,=2.86. Lev-
ene’s test showed that the variance of these scores was larger
in Experiment 1 than 3 (15.6 vs. 7.7), F=18.79, p<0.01,
which can be appreciated in the scatter plots of Fig. 3 (center
row). Thus, the smaller target-advantage scores in the cur-
rent experiment may reflect the reduced range of overall per-
formance. In Experiment 1, performance could vary between
0 and 100%, whereas it is expected to vary only between
50 and 100% in Experiment 3. The difference in scale was
reflected in the size of the target advantage and the variabil-
ity of this effect. In contrast, the variability of the suppres-
sion scores was the same in Experiments 1 and 3.

Finally, we performed additional analyses to evaluate
whether the difference between distractor and nontarget shapes
was modulated by the correspondence of the probe letters,
task switching, or repetition of the distractor. These results are
reported in the Supplementary Material and do not affect the
conclusion drawn from the results presented in the main text.
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Discussion

We modified the displays to avoid peripheral stimulation
around the presentation of the response cue. As a result,
it may have been easier for participants to focus on the
response cue. The results were similar to Experiment 2.
We replicated shorter search RTs on distractor-present than
-absent trials and probe performance was better on the target
than on nontarget stimuli. These findings confirm that the
new probe task in Experiment 3 did not change basic char-
acteristics of the search tasks. However, Experiment 3 con-
firmed that the worse performance on the distractor location
in the probe task was strongly reduced when report bias was
avoided. Notably, probe performance was no longer reliably
different between target and nontarget stimuli. A possible
objection to this conclusion is that the expected range of
percentage correct values was reduced in the modified com-
pared to the original probe task. As a result, any differences
between stimuli would be smaller. However, the smaller dif-
ferences are expected to be accompanied by smaller vari-
ances. This was true for the target-advantage scores, but not
for the suppression scores. For the suppression scores, the
variance was similar in the modified and original versions of
the task. Possibly, the modified version of the task was more
sensitive to individual differences in attentional deployment,
which compensated for the smaller range. Regardless of
range, the effect sizes show that the suppression effect was
strongly reduced from Cohen’s d,=0.77 in Experiment 1 to
Cohen’s d,=0.28 in Experiment 3. These results suggest that
decision-level suppression (i.e., report bias) contributed to
the worse performance for distractor compared to nontarget
stimuli in the original probe letter task. In contrast, effects
of perceptual-level suppression are not expected to change
when report bias is avoided. Possibly, salient distractors
had only little effect on early perceptual-level processing,
consistent with the ability to ignore distractors occurring
at irrelevant locations (Ruthruff & Gaspelin, 2018; but see
Burnham, 2018).

General Discussion

We re-examined results from small search displays that pro-
vided evidence for the suppression of salient-but-irrelevant
distractor stimuli. In the current contribution, we tried to
disentangle perceptual- from decision-level suppression. We
argued that perceptual-level suppression should be imper-
vious to report bias, whereas decision-level suppression
should be susceptible. We argued that the free report in the
original probe letter task allowed for report bias, which is a
decision-level process, and therefore conducted two experi-
ments with a response cue to reduce report bias. Replicating
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previous research, we found that search performance was
better in the presence than in the absence of a color distrac-
tor (Chang & Egeth, 2019, 2020; Cunningham & Egeth,
2016; Gaspelin & Luck, 2018a; Gaspelin et al., 2015; Kerzel
& Burra, 2020; Lamy et al., 2006; Moher & Egeth, 2012).
However, our main interest was in the probe letter task which
required participants to recall as many letters as possible
from an array of letters presented briefly on the search dis-
play. Identification performance was found to be better for
letters on the target than on nontarget stimuli, which reflects
the top-down task set and has also been confirmed in the
contingent capture paradigm (Burnham, 2020). The critical
point was performance for letters on the distractor stimulus.
According to the idea of suppression, identification of let-
ters on the distractor should be worse than identification
of letters on nontarget stimuli. Identification of letters on
nontarget stimuli is assumed to represent the baseline level
of processing. We observed that the difference between dis-
tractor and nontarget stimuli depended on the way to report
the letters, which confirms that decision-level factors such
as report bias were involved.

Our results show that suppression scores for the distractor
were larger in the original version of the probe task than in
our modified versions. In the modified versions, a response
cue indicated which stimulus had to be reported. In con-
trast, participants were free to recall any stimulus in the
original version, which allowed for biases in decision-level
processes. For instance, participants may have reported the
stimulus at the distractor location less frequently because
the distractor was a color that was irrelevant in the more fre-
quent search task. As a result, performance for probes at the
distractor location may have been worse than performance
at the nontarget location. At the same time, the results from
Experiment 2 confirm that the improved performance on the
target location was not affected by changes in the probe pro-
cedure. In Experiment 2, the improvement of performance
at the target location with a response cue was similar to the
improvement with the free recall procedure in Experiment
1. Thus, it is likely that the improved performance at the
target location reflects perceptual-level enhancement, which
resists changes in the probe procedure, whereas the worse
performance on the distractor location reflects decision-level
report bias to some degree, which is susceptible to changes
in the probe procedure.

While the worse performance at the distractor compared
to the nontarget locations was greatly reduced in Experi-
ments 2 and 3 compared to Experiment 1, it was statisti-
cally significant in Experiment 2 and approached signifi-
cance in Experiment 3, with no difference between the latter
experiments, #(76)=0.33, p=0.75. The question is whether
perceptual- or decision-level suppression accounts for the
remaining difference. While we can be sure that response
cues reduced report bias, it is unlikely that response cues
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excluded all decision-related processes. For instance, atten-
tion was distributed across the peripheral locations at the
start of a probe trial, but the response cue appeared in the
center, which required a refocusing of attention on cen-
tral fixation. It may be safe to assume that the refocusing
of attention and the interpretation of the response cue took
time. After this delay, it was necessary to retrieve the infor-
mation about the cued stimulus from short-term memory.
Given that the distractor never contained useful informa-
tion in the search task, transfer of information from the
distractor location to short-term memory or the retrieval of
this information may have been suppressed. Possibly, these
biases may be avoided by presenting the response cue at
the same time as the probe (e.g., Dosher & Lu, 2000; Ling
& Carrasco, 2006b). Besides decision-level mechanisms,
however, it may also be possible that the residual difference
between distractor and non-targets was indeed caused by
perceptual-level suppression. More research is required to
decide between these alternatives.

Together with the work of Lien et al. (2021), the present
contribution casts doubt on the assumption that salient-
but-irrelevant stimuli are suppressed at a perceptual level
to avoid attentional capture (see also Kerzel et al., 2021).
Similarly, recent studies have questioned electrophysiologi-
cal evidence for attentional suppression. In electrophysiol-
ogy, the P, component is a contralateral positivity occurring
between 100 and 400 ms after stimulus onset at posterior
electrodes PO7/PO8 (Burra & Kerzel, 2013; Gaspar &
McDonald, 2014; Hickey et al., 2009; Liesefeld et al., 2021).
The P, was associated with distractor suppression and has
also been measured in response to the small search displays
shown in Fig. 1. Gaspelin and Luck (2018a) reported a Py,
to the distractor, which may be taken as evidence for dis-
tractor suppression (see also Feldmann-Wustefeld et al.,
2020). However, a recent investigation found that the P
component to the distractor stimulus was followed by an
N2pc component (Kerzel & Burra, 2020). Because the N2pc
component is considered a marker of attentional selectivity
(Eimer, 1996; Luck & Hillyard, 1994), one would have to
conclude that attentional suppression was followed by atten-
tional capture, which is at odds with the attentional suppres-
sion hypothesis stating that attentional capture is prevented.
While the exact reasons for the sequence of P, and N2pc
are debated (Drisdelle & Eimer, 2021; Gaspelin et al., 2022;
Kerzel & Burra, 2020), there are doubts that the P, will pro-
vide unequivocal evidence for attentional suppression (see
also Forschack et al., 2022). The reason is that the Py, is the
mirror-image of the N2pc component as it occurs in about
the same time interval at the same electrodes. That is, a Pp, to
a distractor on one side of the screen could also be an N2pc
to a stimulus on the opposite side.

In sum, we show that decision-level mechanisms such as
report bias contribute to results from the probe letter task.

While we cannot rule out perceptual-level suppression, a
look at the literature shows that only a small number of clas-
sical approaches include distractor inhibition as a necessary
component (Treisman & Sato, 1990; reviewed by Dent
et al., 2012). Rather, classic theories give more importance
to mechanisms that guide attention toward target stimuli. For
instance, biased competition theory (Desimone & Duncan,
1995) assumes that stimuli compete for selection and that
both stimulus-driven saliency and the match to a target tem-
plate in working memory bias this competition. Similarly,
the locations (Wolfe, 2021) or weights (Bundesen, 1990;
Schneider, 2013) of stimuli or features are increased if they
match the target template stored in working memory. There-
fore, attentional suppression may not be necessary to enable
successful selection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00426-022-01734-3.
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