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Abstract

Selection history significantly influences attentional processes. Current debates center
on whether different components of selection history influence attention through shared
learning-dependent mechanisms or via independent mechanisms. Recent research sug-
gests that aversive associative learning and statistical learning, two key components of
selection history, modulate attentional selection independently. The present study inves-
tigates how these two components influence attentional selection under different search
strategies. In Experiment 1, participants engaged in a singleton detection task, searching
for a unique shape singleton while ignoring an irrelevant color singleton. In Experiment
2, they employed a feature search strategy, targeting a predefined attribute among varied
shapes while disregarding a distracting color singleton. Results showed that under the
singleton detection mode, two learning processes exert independent effects on attentional
selection toward salient distractors. Conversely, under the feature search mode, the two
learning processes interacted, with the interaction primarily driven by aversive associative
learning. These findings highlight the critical role of search strategies in modulating how
selection history affects attentional processes. They offer new insights into the mechanisms
of attentional selection and the interplay between different forms of learning in complex
visual search environments.

Keywords: aversive associative learning; statistical learning; selection history; attention;
visual search mode; proactive suppression

1. Introduction

The human visual system is often overwhelmed by a vast influx of information, with
only a small subset deemed essential for further processing. Attention could prioritize
specific sensory inputs for further analysis while concurrently suppressing irrelevant or
potentially disruptive information (Carrasco, 2011; Chelazzi et al., 2019; Rusz et al., 2020).
Recent research has revealed that such attentional guidance could be shaped by selection
history—the accumulation of past search experiences that lead to biases in attentional
selection (Anderson et al., 2021). Notably, selection history exhibits independent guidance
on attention from the two primary attention modulation factors, top-down attentional goals
and bottom-up stimulus salience (Awh et al., 2012; Luck et al., 2021). Given its distinct role,
there is growing interest in understanding how selection history guides attention across
different modes of visual processing.

Statistical learning and aversive associative learning are two forms of selection history
that have been found to shape attentional prioritization (Jiang, 2018; Smith et al., 2006;
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Stankevich & Geng, 2014). Recent research distinguishes two main forms of statistical
learning: object-based and location-based (Anderson et al., 2021). Object-based statistical
learning involves learning the relationships and regularities among objects that recur
across trials. For example, when a context has previously been associated with a specific
stimulus in a memory task, presenting that context subsequently biases attention toward
the corresponding stimulus (Nickel et al., 2020). In contrast, location-based statistical
learning reflects the tendency to attend more to locations where targets or distractors
frequently appear. For example, visual targets are detected more quickly and accurately
when they appear in spatial locations that have been encountered more frequently in the
past (e.g., Cohen & Magen, 1999; Geng & Behrmann, 2005; L. Huang & Pashler, 2005).
Recently, research has increasingly focused on the role of location-based statistical learning
in distractor suppression (Theeuwes et al., 2022). For instance, studies have shown that
repeated exposure to distractors appearing in specific regions reduces the orienting reflex
(B. Wang et al., 2019; Won et al., 2019) and induces proactive suppression to these locations
(C. Huang et al., 2021, 2022; Kong et al., 2020).

Similarly, aversive associative learning can modulate attentional priority, making
stimuli associated with aversive outcomes more attention-grabbing (Nissens et al., 2016).
Previous studies in this area have often used electric shocks (Kim & Anderson, 2021; Ogden
et al., 2023) or negative noise stimuli (Gutierrez & Berggren, 2019). However, regardless
of the type of stimulus used, these studies have revealed that when distractors are paired
with aversive stimuli, participants readily show a tendency to attend to them, likely to
meet survival and adaptation needs (Gdalyahu et al., 2012; LeDoux, 1996). Together, these
findings suggest that both statistical frequency and emotional value of past experiences
play a crucial role in guiding attentional prioritization.

Despite the well-established role of statistical learning and aversive associative learn-
ing in guiding attention, it remains unclear whether these two forms of learning rely on
shared attentional mechanisms or operate independently. To address this question, recent
studies have manipulated statistical frequency and aversive value simultaneously on the
same set of distractors, aiming to determine how these two components of learning mech-
anisms guide attention (Kim & Anderson, 2021; Ogden et al., 2023). If both components
stem from a common mechanism that governs learning-based attentional control, their
effects may be integrated within a unified attention biasing system, jointly biasing attention
and competing for limited cognitive resources (Failing & Theeuwes, 2018; Theeuwes, 2019).
Alternatively, if these components represent separate systems, they may modulate attention
in parallel and independently. Empirical findings support the latter possibility. When
distractors were simultaneously associated with aversive value and statistical frequency,
the aversive value impaired the overall statistical learning effect but did not alter its pattern.
Specifically, distractors carrying aversive value attracted greater attention, yet their atten-
tional capture was reduced when they appeared in high-frequency locations compared
to low-frequency locations. These findings suggest that aversive value and statistical fre-
quency contribute to the attentional priority of distractors independently, indicating that
these two components modulate attention through separate mechanisms.

Notably, evidence for such independent influences has primarily been derived from
the additional singleton search paradigm, in which participants adopt a “singleton detection
mode” (Gaspelin & Luck, 2018; Kerzel & Huynh Cong, 2024). This mode is thought to op-
erate at the preattention stage, where search processes occur in parallel, and the attentional
window is wide enough to encompass all items (Theeuwes, 1992, 2023). The independent
contributions of aversive value and statistical frequency to distractor priority may reflect the
parallel processing architecture of the singleton detection mode, where multiple learning
mechanisms can bias attention simultaneously with no cognitive resource constraints (Gao
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& Theeuwes, 2022). In addition, although distractors at high-probability locations captured
attention less than those at other locations, they still triggered substantial attention capture
relative to the no-distractor condition, resulting in a phenomenon commonly known as
singleton-presence cost (Kerzel et al., 2022; Zhao et al., 2024). This leads to the possibility
that even though the aversive value and statistical frequency jointly modulate attention,
their effects can be partially masked by the overall capture phenomenon.

In contrast, research on “feature search mode” suggests divergent results. In this
mode, the attentional window narrows, allowing a serial search process. Participants focus
on a specific target among heterogeneous items, which reduces or eliminates distractor
interference (Bacon & Egeth, 1994; Gaspelin et al., 2015; Leber & Egeth, 2006; Ma & Abram:s,
2023). Notably, recent studies indicate that in feature search mode, attention suppression is
particularly pronounced at high-frequency distractor locations, which even eliminates the
singleton-presence cost (Fan et al., 2021; Ivanov & Theeuwes, 2021; B. Wang & Theeuwes,
2018). Because learned distractor locations often induce location-based suppression, em-
ploying a feature search strategy to enhance this inhibitory effect may offer new insights
into how statistical and aversive associative learning interact in shaping attentional control.

This study investigates whether aversive associative learning and statistical learning
influence attention through a shared control mechanism or through independent mecha-
nisms. To examine this, we elicited two distinct attentional modes across two experiments
using controlled stimulus manipulations: a singleton detection mode in homogeneous
arrays (Experiment 1) and a feature search mode in heterogeneous arrays (Experiment 2). In
each experiment, statistical learning and aversive associative learning were independently
manipulated. A one-phase design was implemented to allow for a more direct assessment
of the relationship between these learning effects (Le Pelley et al., 2022). The interaction
between statistical and aversive associative learning was analyzed within each condition.

2. Experiment 1

Experiment 1 employed a design similar to that of Le Pelley and colleagues (Le Pelley
et al., 2022). We used an additional singleton task in which participants judged the spatial
location of a spot within a shape singleton (the target) while ignoring the potential presence
of a salient color singleton (the distractor). To examine the effect of statistical learning on
feature-based attention, we manipulated the likelihood of the distractor appearing in differ-
ent spatial locations, with probabilities varied from high (65.2%), low (8.7%), to rare (4.3%).
To investigate the role of aversive associative learning, the distractor was assigned one of
two potential singleton colors: one paired with an aversive noise (conditioned stimulus:
CS+), and the other presented without any aversive noise (CS—) (Gutierrez & Berggren,
2019; Watson et al., 2019). We aimed to determine whether statistical learning and aversive
associative learning influence the attention selection of the distractor independently or
interactively by analyzing whether their effects showed an interaction or not.

2.1. Method
2.1.1. Participants

Large (Cohen’s d = 0.70) and medium (Cohen’s d = 0.49) effect sizes have been reported
for the influence of aversive stimuli (Gutierrez & Berggren, 2019) and statistical learning
(Kerzel et al., 2022) on attention, respectively. We determined that at least 46 participants
(Cohen’s d = 0.49) are needed to reach a power of 90% for a significance level of 0.05 (calcu-
lated by GPower3, Faul et al., 2007). A total of 48 participants (27 females, mean age = 18.85
years, SD = 1.27 years) were recruited from Zhejiang University, China. All participants had
normal or corrected-to-normal vision. The study was approved by the ethics committee of
the Department of Psychology and Behavioral Sciences at Zhejiang University.
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2000 ms or Until response

2.1.2. Apparatus

The experiment was conducted in a dimly lit room, with participants seated 65 cm from a
gamma-corrected Cathode-Ray Tube (CRT) monitor (24 inches; 1920 x 1080 resolution; 100 Hz
refresh rate). Stimuli were generated using MATLAB (https:/ /www.mathworks.com/, The
MathWorks, Natick, MA, USA) and the Psychtoolbox-3 (Brainard, 1997; Pelli, 1997).

2.1.3. Stimuli and Procedure

As illustrated in Figure 1A, each trial began with a gray fixation cross (0.7° x 0.7°; [Red,
Green, Blue] (RGB): [70, 70, 70]) displayed at the center of a dark gray screen (RGB: [5, 5, 5])
for 500 ms. This was followed by the stimulus display, which consisted of eight items (each
occupying a luminous flux area of 5°) evenly spaced around an imaginary circle with a 5.7°
radius, forming an octagonal arrangement.

(B)

CS+:65.2%
CS-:8.7%
_____ CS+:4.3% CS+:4.3%
CS-:4.3% CS-:4.3%
CS+:4.3% CS+:4.3%
CS-:4.3% + CS-:4.3%
CS+:4.3% CS+:4.3%
CS-:4.3% CS-:4.3%
600 ms CS+:8.7%
CS-:65.2%

CS+ distractor

High-frequency location

Feedback
1500 ms

CS- distractor
High-frequency location

Other rare location

Figure 1. Procedure and design of Experiment 1. (A) Experimental procedure of Experiment
1. Participants identified the location of a dot inside a shape singleton (the target). The display
sometimes included a color singleton (the distractor), which could be either orange or blue. When the
CS+ distractor was present, an aversive sound would follow the response; when the CS— distractor
was present, no aversive sound would be displayed. (B) The probability of distractor locations in
Experiments 1 and 2. The CS+ high frequency location is represented by blue. Similarly, the CS—
high frequency location is represented by orange. The CS+ and CS— distractors appeared at rare
locations, represented by grey. Each location shows the probability of the distractors appearing there
(when the distractor was present in the trials). CS+ and CS— distractors appeared most frequently
at opposite locations. The frequent locations shown here are examples; these locations were chosen
randomly for each participant.

Each display contained either one diamond among seven circles or one circle among
seven diamonds, with the unique shape singleton serving as the target. In 82.1% of trials, a
distractor featured with a salient color (blue: RGB [37, 141, 16] or orange: RGB [193, 95, 30])
was present, while in the remaining 17.9% of trials, no color singleton but only the shape
singleton existed, serving as distractor-absent trials. For each participant, one singleton
color was consistently paired with an aversive noise and designated as CS+, while the other
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singleton color was not paired with any noise and served as CS—. All other items were
gray (RGB: [70, 70, 70]) (Le Pelley et al., 2022).

Across trials, each type of distractor (CS+ or CS—) appeared in one of the eight
locations with varying probabilities (Figure 1B): one high-probability location (65.2%), one
low-probability location (8.7%), and six rare-probability locations (4.3%). Following the
design of Le Pelley et al. (2022), the high-probability location was randomly assigned
for each participant, and the low-probability location was always directly opposite the
high-probability location across the fixation cross. As a result, the two locations were
always opposite to each other, and each served as the low-frequency position for the other.
We ensured that these two locations were as different as possible and were equidistant
from all other possible locations. This symmetrical arrangement avoided potential spatial
deviations that may occur if key positions were adjacent or unevenly spaced in the display.
In distractor-present trials, the target appeared randomized across all eight locations.
In distractor-absent trials, the target appeared at the CS+ high-, CS— high-, and rare-
probability locations with frequencies of 20%, 20%, and 10%, respectively. Notably, the
high-probability location for CS+ always served as the low-probability location for CS—,
and vice versa.

During the display of the stimulus array, a black dot (radius = 0.2°) was randomly
positioned 0.8° to the left or right of the center of each item. Participants were instructed
to identify the shape singleton (target) and indicate the dot’s location within the target as
quickly and accurately as possible. Responses were made using a high-precision response
box; participants pressed the left key with their left thumb for a black dot on the left,
and the right key with their right thumb for a dot on the right. Reaction times (RTs)
were recorded from the onset of the stimulus display. The display remained visible until
the participant responded or until 2000 ms elapsed. When the display contained a CS+
distractor, an aversive noise (mean intensity = 54.41 dB, SD = 6.01 dB, the experimental
materials are detailed in the database), sourced from the IADS-E database (Yang et al., 2018),
was displayed for 600 ms immediately after stimulus offset. When the display contained
a CS— distractor, a blank was displayed without noise for 600 ms (Watson et al., 2019).
Feedback was then provided for the participant’s response.

Each participant completed eight experimental blocks, each consisting of 112 trials.
The location probability manipulation followed Le Pelley et al.’s (2022) design. Within each
block, there were 46 trials with a CS+ distractor, 46 with a CS— distractor, and 20 distractor-
absent trials. The order of presentation was randomized within each block to ensure that
participants could not predict the occurrence of distractor locations or CS+ and CS— trials.
The assignment of the two colors to CS+/ CS— conditions was balanced across participants.

2.1.4. Post-Experiment Measures

Following the experimental session, participants completed the Emotional Salience
of Sounds Questionnaire B (12 items) to assess their emotional responses to the noise.
They rated the acoustic characteristics of the noise experienced during the experiment
(Masullo et al., 2021). If the score on the negative-emotions dimension exceeded that on the
positive-emotions dimension, this indicated that the noise had a more negative emotional
impact on the participants (as indicated in the Section 2.2.1).

Additionally, participants were shown a display without color distractors and were
asked two questions to assess their awareness of statistical regularities in distractor locations
(Corresponding to the Section 2.2.4): (1) “Was the probability of color distractors appearing
in these eight locations the same or different?” (2) “In which specific location was the blue
distractor more likely to appear, and in which specific location was the orange distractor
more likely to appear?”
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2.1.5. Data Analysis

The attentional effect was calculated in both Experiment 1 and Experiment 2 by
subtracting the RTs in the distractor-absent condition from those in each distractor-present
experimental condition. A 2 (distractor value: CS+ vs. CS—) by 3 (location frequency: high,
low, or rare) repeated measures Analysis of Variance (ANOVA) was performed to examine
the main effect and interaction effect of the two components. Simple-effect analysis was
performed with paired-sample t-tests. Bonferroni corrections were applied to correct for the
multiple-comparison problem. We also reported (inverse) Bayes factors (BF01) to test any
null results from the classical statistical tests. The BFO1 indicates the strength of evidence
in support of the null hypothesis, with values between 3 and 10 generally considered
moderate evidence in favor of the null hypothesis (Kass & Raftery, 1995). We computed
Bayes factors using a default prior in JASP 0.18.3.0.

2.2. Results
2.2.1. Manipulation Checks

The Emotional Salience of Sounds Questionnaire B (Masullo et al., 2021) confirmed
that participants perceived the noise as inducing more negative (M = 33.44) than positive
(M = 21.48) emotions (t(47) = 8.32, p < 0.001, Cohen’s d = 1.21, BFy; = 8.56 x 10~7). This
result demonstrates the effectiveness of negative emotions evoked by the noise.

2.2.2. Target Detection in Distractor—Present Conditions

Error trials and trials with reaction times (RTs) below 200 ms, above 1500 ms, or
exceeding three standard deviations from the mean were excluded, resulting in the removal
of ~4.9% of the total observations. First, we verified that the detection of the targets was
faster when the distractor was absent compared to when it was present. Results showed
attentional capture by the distractors across the six conditions with varied distractor value
(CS+ vs. CS—) and location frequency (high, low, or rare) (ps < 0.001).

Next, we calculated the attentional effect by subtracting the RTs in the no-distractor
condition from those in each distractor-present experimental condition. The attentional
effects were submitted to a 2 (distractor value: CS+ vs. C5—) by 3 (location frequency: high,
low, or rare) repeated measures ANOVA (Figure 2A). A significant main effect was found
for distractor value (F(1,47) = 61.28, p < 0.001, 17,,2 =0.57, BFy; = 3.72 x 1077), revealing
stronger attentional effects when the distractor was CS+ than CS—. Distractor location
frequency also showed a significant main effect (F(2,94) = 77.18, p < 0.001, 7,* = 0.62,
BFg; = 7.40 x 10~18), with attentional effects being reduced when distractors appeared in
the higher frequency location. Importantly, consistent with Kim and Anderson (2021) and
Zhao et al. (2024), the interaction effect between distractor value and location frequency
was not significant (F(2, 94) = 1.03, p = 0.36, 17,72 =0.02, BFy1 =4.92).

Despite the nonsignificant interaction effect, we still performed a simple-effect analysis
to explore the influence of statistical learning on distractors at different distractor values
(Figure 2A). Results showed significant differences between every two of the location
frequencies (ps < 0.001) in the attentional effects of the CS— distractor. The attentional
effects also differed significantly between the CS+ rare and the CS+ high frequency location
(H(47) = 8.40, p < 0.001, Cohen’s d = 1.21, BFg; = 6.63 x 10~7), or between the CS+ rare and
the CS+ low frequency location (£(47) = 5.90, p < 0.001, Cohen’s d = 0.85, BFy; = 2.49 x 1075).
The attentional effect was numerically decreased in the CS+ high- compared to CS+ low
frequency location (£(47) = —2.10, p = 0.12, Cohen’s d = 0.30, BFy; = 0.86). Overall, the
attentional distribution was sensitive to the two levels of distractor value and three levels
of statistical frequency.
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Figure 2. Results in Experiment 1. (A) The mean attentional effects in RTs. The attentional effects
were increased in the CS+ condition than in the CS— condition and reduced in the higher frequency
location. (B) Raw RTs of the target at three positions when distractors were absent. Error bars indicate
SEMs. *, p < 0.05; ***, p < 0.001.

The same repeated-measures ANOVA was applied to the error rate results, which
showed a significant main effect of location frequency (F(2,94) = 4.01, p = 0.021, 77,2 = 0.08,
BF(1 = 0.67), with higher error rates for high frequency locations (2.23%) than low frequency
locations (1.86%). The main effect of distractor value (F(1,47) = 0.90, p = 0.35, 17,,2 =0.02,
BFy = 7.03) and the interaction of the two effects (F(2,94) = 1.61, p = 0.21, 17,,2 = 0.03,
BFy1 = 3.11) were not significant.

2.2.3. Target Location Effects When Distractors Are Absent

To further confirm that suppression of attention had been developed at the frequent
locations of the distractor, we extracted the RTs for target detection in the distractor-absent
trials. We conducted a repeated measures ANOVA to explore whether attention was
suppressed when the target appeared at the high frequency (i.e., CS+ high and CS— high)
than at rare frequency locations (Figure 2B). A significant main effect of different frequency
locations was found (F(2,94) = 6.44, p = 0.002, 17p2 =0.12, BFy1 = 0.08). Specifically, detection
for targets appeared at rare locations were significantly faster than that at the CS+ high
location (#(47) = 2.99, p = 0.013, Cohen’s d = 0.43, BFy; = 0.13) and CS— high location
(t(47) =3.98, p < 0.001, Cohen’s d = 0.57, BFy; = 0.01), showing that participants initiated
suppression on attention to the locations that distractors were highly likely to appear. There
was no significant difference in RTs between the target at the CS+ and CS— high location
(t(47) = 0.68, p = 1.00, Cohen’s d = 0.10, BFy; = 5.11), suggesting a similar influence of
emotional values on attention suppression. No significant effects were found in error rates
(ps > 0.76).

2.2.4. Explicit Recognition of Statistical Regularities

We assessed participants’ ability to explicitly identify the high and low frequency loca-
tions. Participants who correctly identified the high-frequency location (N = 9) or partially
recognized that a certain location was with higher frequency (N = 3) were excluded from
analysis. Among the remaining 36 participants, the proportion of incorrect responses was
significantly greater than chance level (p < 0.001, BFy; = 0.003), indicating a lack of explicit
recognition of the statistical regularities. We found that the attentional results were not



Behav. Sci. 2025, 15, 1274

8of 17

changed even among these participants. Specifically, the 2 (distractor value: CS+ vs. C5—)
by 3 (location frequency: high, low, or rare) repeated measures ANOVA still showed signifi-
cant main effects of distractor value (F(1,35) = 45.98, p <0.001, iypz =0.57,BFy; =7.75 % 10’6)
and location frequency (F(2,70) = 58.12, p < 0.001, 17,> = 063, BFy; = 2.10 x 10~'3). Finally,
there was no significant interaction between the distractor value and location frequency
(F(2,70) = 1.42, p = 0.25, 17,2 = 0.04, BFy; = 3.55).

2.3. Discussion

Experiment 1 confirmed that both aversive associative learning and statistical learning
modulate attention to distractor locations. Specifically, distractors paired with aversive
noise (CS+) caused greater response delays than neutral distractors (CS—), suggesting
that aversive conditioning increased distractor salience and diverted attention from the
target effectively (Gdalyahu et al., 2012; Schmidt et al., 2015). In contrast, the attentional
modulation effect of statistical learning was reflected in significant proactive suppression
in high-frequency conditions. This was evidenced by a reduced interference effect for
distractors appearing in locations with higher frequency, as well as the slower response
times to target items in higher frequency locations when distractors were absent. These
results indicate that the spatial probability distribution of distractors may alter priority
computations in attentional selection (Awh et al., 2012; Ferrante et al., 2018).

Importantly, the one-phase experimental design used in this study demonstrated that
aversive associative learning and statistical learning independently influenced attentional
allocation. A Bayesian analysis provided moderate evidence that these effects do not
interact. Our findings here align with previous research on the impact of positive stimuli
on attention and further extend these effects to aversive stimuli (Kim & Anderson, 2019,
2020, 2021; Le Pelley et al., 2022). This might be because the attentional system may be
more strongly influenced by the motivational salience of stimuli—whether positive or
negative—rather than their specific valence (Watson et al., 2019).

3. Experiment 2

Experiment 2 explored whether the interaction between statistical learning and aver-
sive associative learning would change when a feature search mode was recruited in
attentional guidance. In contrast to the broader attentional window engaged during single-
ton detection, feature search typically involves a narrower attentional focus (Bacon & Egeth,
1994; Theeuwes, 2023), which may reduce attention capture by distractors, potentially
by enhancing proactive suppression of distractor locations (Gaspelin et al., 2015; Ma &
Abrams, 2023), to conserve cognitive resources for goal-relevant target detection. However,
due to the adaptive importance of threat-related information (LeDoux, 1996, 2014; Y. Wang
et al., 2023), aversive associative learning may still capture attention, particularly when the
aversive signal is with high spatial stability. We therefore hypothesized that aversive asso-
ciative learning may modulate the attentional suppression induced by statistical learning,
leading to an interaction between these two learning mechanisms.

3.1. Method
3.1.1. Participants

A new set of 48 participants (22 females, 26 males; mean age = 18.96 years, SD = 1.05)
was recruited from Zhejiang University. The same recruiting criteria were used as in
Experiment 1.
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3.1.2. Stimuli and Procedure

The procedure of Experiment 2 closely followed that in Experiment 1, with identical
manipulations for aversive associative learning and statistical learning. The key difference
was in the composition of the search array. Specifically, the search arrays were modified to
encourage participants to focus on a specific shape, as opposed to searching for a singleton.
As shown in Figure 3, each search array consisted of four shape types: one circle, one
diamond, three squares, and three hexagons. Participants were tasked with identifying a
pre-specified shape (the target) and reporting the position of a black dot within this target.
For half of the participants, the target was always the diamond, while for the other half, the
target was the circle. Unlike the target, the distractor was not tied to a specific shape but
instead to a spatial location. The assignment and frequency of distractor locations remained
consistent with Experiment 1 (see Figure 1B).

Fixation
500 ms

Search Array
2000 ms or Until response

Noise for CS+ distractors
600 ms

Feedback
1500 ms

Figure 3. Procedure of Experiment 2. Participants responded to the location of the dot within a
preassigned specific shape, rather than to a singleton.

3.2. Results
3.2.1. Manipulation Checks

Post-experiment questionnaire showed that participants reporting more negative
(M = 33.02) than positive (M = 21.79) feelings (negative vs. positive score: #(47) = 8.54,
p < 0.001, Cohen’s d = 1.25, BFy; = 4.12 x 10~?) to the noise.

3.2.2. Target Detection in Distractor—Present Conditions

Data cleansing was performed before formal statistical analysis, which excluded ~4.5%
of the observations from the experiment. We first examined whether the detection of the
targets was faster when the distractor was absent compared to when it was present. In vast
contrast to Experiment 1, results showed that attentional capture by the distractor appeared
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Attentional Effect (ms)

only in the CS+ high frequency location (£(47) = 3.14, p = 0.003, Cohen’s d = 0.45, BFy; = 0.09)
and the CS+ rare location (£(47) = 5.24, p < 0.001, Cohen’s d = 0.76, BFy = 2.04 x 10~%). The
attention effects of other conditions, including the CS+ low frequency location and all the
CS— conditions, were not significant (ps > 0.17).

As in Experiment 1, a 2 (distractor value: CS+ vs. CS—) by 3 (location frequency: high,
low, or rare) repeated-measures ANOVA was performed on the attentional effect in RTs
(Figure 4A). A significant main effect of distractor value (F(1,47) = 6.76, p = 0.01, 17,,2 =0.13,
BF(; = 0.81), indicating successful associative learning. However, the main effect of location
frequency was not significant (F(2,94) = 1.07, p = 0.35, 17p2 =0.22, BFy; = 6.94). Interestingly,
in contrast to Experiment 1, the distractor value showed a significant interaction with
location frequency (F(2,94) = 5.71, p = 0.005, 17p2 =0.11, BFy; = 0.05). We further examined
the different attentional effects of statistical learning in the CS+ and CS— conditions,
separately. Simple-effect analysis showed that, for CS+ distractors, the attentional effect
in the low-frequency condition was significantly lower than that in the rare frequency
condition (#(47) = 2.68, p = 0.03, Cohen’s d = 0.39, BF(; = 0.27), indicating that participants
could avoid attention distraction at the CS+ low condition. However, the attentional effect
for CS+ high condition was no longer significantly lower than that for CS+ low (£(47) = 1.32,
p =0.58, Cohen’s d = 0.19, BF(; = 2.84) or CS+ rare (#(47) = —1.65, p = 0.32, Cohen’s d = 0.24,
BFy = 1.82) condition, showing failed avoidance of distractors when emotionally aversive
distractors exhibited high spatial stability. For the CS— distractors, no significant difference
was observed between two of the three frequency conditions (ps > 0.26), which aligned
with the non-significant attentional effects in any of the three conditions. There were no
significant main effects or interaction effects on error rates (ps > 0.12).
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Figure 4. Results in Experiment 2. (A) The mean attentional effects in RTs. The attentional effects
were increased in the CS+ condition than in the CS— condition. The effects interacted between the
distractor value and location frequency. (B) Raw RTs of the target at three positions when distractors
were absent. Error bars indicate SEMs. t, p < 0.09; *, p < 0.05.

3.2.3. Target Location Effects When Distractors Are Absent

To further confirm the location-specific attentional suppression, we analyzed tar-
get detection performance in distractor-absent trials using a repeated-measures ANOVA
(Figure 4B). Results showed a significant main effect of location frequency (F(2,94) = 4.50,
p = 0.01, 7,> = 0.87, BFyy = 0.37). Specifically, detection for targets at rare locations was
significantly faster than that at the CS— high location (£(47) = 2.66, p = 0.03, Cohen’s d = 0.38,
BFy; = 0.28), showing attentional suppression at the distractor-associated location in the
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CS— condition. In contrast, such attention suppression no longer existed in the CS+ high
condition. In fact, responses were marginally significantly faster when the target appeared
at the CS+ high location compared to the CS— high location (CS— high vs. CS+ high:
t(47) = 2.28, p = 0.08, Cohen’s d = 0.33, BF(; = 0.62). Responses to targets at the CS+ high
location were not significantly slower than those to the rare location (rare vs. CS+ high:
t(47) = 0.87, p = 1.00, Cohen’s d = 0.13, BF; = 4.45). These results suggest that attentional
priority may be preserved at spatial locations consistently associated with aversive emo-
tional value, effectively counteracting suppression effects seen with statistical regularities
alone. No significant results were found in error rates (ps > 0.09).

3.2.4. Explicit Recognition of Statistical Regularities

We excluded 13 participants who had at least partially identified the high- and low-
frequency locations. The proportion of incorrect choices for the remaining 35 participants
was significantly greater than chance level (p = 0.002, BFy; =0.034). A 2 (distractor value:
CS+ vs. C5—) by 3 (location frequency: high, low, or rare) repeated-measures ANOVA
showed that the result pattern was not altered. Specifically, a significant main effect for
distractor value (F(1,34) = 14.20, p = 0.001, 17p2 = 0.30, BFy; = 0.11) was found. The main
effect for location frequency was still not significant (F(2,68) = 0.57, p = 0.57, 1,> = 0.02,
BFy; = 7.60). Importantly, the interaction effect between distractor value and location
frequency was still significant (F(2,68) = 4.87, p = 0.01, qu =0.13, BFy; = 0.11).

3.2.5. Comparison Between the Attentional Effects in Experiments 1 and 2

Finally, we compared the attentional effects in Experiments 1 and 2 (Figure 5). A
2 (distractor value: CS+ vs. CS—) by 3 (location frequency: high, low, or rare) by 2
(experiment: Experiment 1 vs. Experiment 2) mixed-effect ANOVA was performed on the
attentional effect in RTs. Confirming that the attentional effect is weakened in feature search
mode, results revealed that the attentional effect was smaller in Experiment 2 (mean = 9.81,
SD =46.51) compared to Experiment 1 (mean = 51.49, SD = 36.70) (main effect of experiment:
F(1,94) = 62.35,p < 0.001, 17,,2 =0.40, BFy; = 3.39 x 107%). Critically, the interaction effect
across the three factors was marginally significant (F(2, 188) = 2.88, p = 0.059, 1,2 = 0.03,
BFy1 = 0.96), suggesting that aversive associative learning and statistical learning produced
different attentional effects in the two experiments.
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Figure 5. The attentional effects in Experiment 1 (Exp. 1) and Experiment 2 (Exp. 2). Grey bars
indicate the mean RTs, and error bars indicate SEMs.



Behav. Sci. 2025, 15, 1274

12 of 17

To further evaluate the attentional effects due to aversive associative learning and
statistical learning, we calculated the relative attentional effects between high and low
frequency conditions relative to the rare frequency condition, separately for the CS+ and
CS— conditions in each experiment. For the CS— condition, the interaction between the
location frequency and experiment was not significant (F(1, 94) =0.02, p = 0.89, 77, < 0.001,
BFy; = 4.39), with lower attentional effects observed in both CS— high (#(94) = —5.44,
p < 0.001, Cohen’s d = 0.56, BFy; = 3.28 x 1075) and CS— low (#(94) = —3.23, p = 0.002,
Cohen’s d = 0.33, BF(; = 0.05) locations in Experiment 2 than Experiment 1.

For the CS+ condition, the interaction between the location frequency and experiment
was significant (F(1, 94) = 4.24, p = 0.04, 17,> = 0.04, BF; = 0.73). Further analysis showed that
the relative attentional effect of CS+ distractors at high-frequency locations was significantly
reduced in the feature search mode (Experiment 2) compared to the singleton detection
mode (Experiment 1) (£(94) = —3.55, p = 0.001, Cohen’s d = 0.36, BFy; = 0.02). In contrast,
for CS+ distractors at low-frequency locations, attentional effects did not differ between
the two experiments (#(94) = —0.73, p = 0.47, Cohen’s d = 0.07, BFy; = 3.68). Therefore, the
different attention modulation in the two visual search modes was mainly driven by the
learnt aversive associations.

3.3. Discussion

In contrast to Experiment 1, Experiment 2 revealed a significant interaction between
statistical learning and aversive associative learning, indicating that when attention is
guided by a feature search mode, the influence of these two learning mechanisms on atten-
tional allocation becomes interdependent. A direct comparison across the two experiments
identified that the influence of distinct visual detection modes primarily emerged in the
CS+ condition. Specifically, for the CS+ and CS— conditions in Experiment 1, statisti-
cal learning led to greater proactive suppression at high-frequency distractor locations
than low-frequency distractor locations—consistent with typical statistical learning effects.
However, this pattern reversed in the CS+ condition of Experiment 2, where proactive
suppression was reduced for CS+ high-frequency distractor locations. Supporting this
observation, reaction time (RT) data from distractor-absent trials also showed a failure
to suppress responses at the CS+ high-frequency location (see Figure 4B), mirroring the
pattern seen in distractor-present trials.

Under conditions of increased cognitive demands, as in the feature search task
(Theeuwes, 2023) in Experiment 2, participants initiated stronger proactive suppression
of distractor locations in order to complete the central task (as shown by evidence in the
CS— condition). However, in contexts where aversive stimuli exist, proactive suppression
may be reduced to these high-value locations as a precautionary measure. Given the
evolutionary importance of threat detection (LeDoux, 1996, 2014), CS+ high-frequency
locations—being the most consistently associated with danger in our study—may have
acquired elevated attentional priority and reduced suppression in order to facilitate re-
sponses to potential harm. These findings align with recent research, demonstrating that
both reward- and punishment-based learning can shape spatial priority maps (Anderson
et al., 2022; Chelazzi et al., 2014).

4. General Discussion

This study examined how aversive associative learning and statistical learning affect
attentional allocation under different visual search modes. We found that target detection
was improved when distractors appeared in higher-frequency locations, supporting indi-
viduals” ability to learn to suppress attention to frequently occurring distractor locations
(Ferrante et al., 2018; Theeuwes et al., 2022). Additionally, distractors associated with
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aversive emotional values (CS+ distractor) captured more attention than neutral distractors
(CS—), suggesting that aversive stimuli can enhance attentional prioritization (Gdalyahu
et al., 2012; Schmidt et al., 2015; Stankevich & Geng, 2014).

Experiment 1 replicated the findings of Kim and Anderson (2021), demonstrating that
aversive associative learning and statistical learning independently influence attention in
the singleton detection mode. Kim’s two-stage study provided evidence that associative
learning (of both reward and aversive stimuli) and statistical learning modulate attention
separately. This conclusion was later supported by Le Pelley et al. (2022), who used a
one-phase design to reduce confounds and improve reliability. Following this approach,
our study replaced reward-based associative learning with aversive associative learning.
Consistent with prior work, our results confirmed the independence of the two learning
processes. Notably, given that the associative learning of reward and aversive stimuli
results in similar results, it is likely that attentional orienting is driven more by motivational
salience than by the valence of stimuli. Supporting this, neuroimaging studies (Sokol-
Hessner et al., 2013) have shown similar amygdala activations to cues predicting rewards
and punishments. Likewise, ERP findings (Brosch et al., 2008) indicate that both fear-related
and nurturance-related stimuli evoke similar early neural responses. These results suggest
that attentional selection is guided by the relevance of stimuli for survival, rather than their
positive or negative valence.

In Experiment 2, we found that aversive associative learning and statistical learning
jointly influenced attention in the feature search mode. This is in contrast with the indepen-
dent attentional effects observed in the singleton detection mode in Experiment 1. Notably,
the singleton detection mode primarily engages bottom-up attentional processes, which
allows for automatic attention capture driven by physical saliency (Theeuwes, 1992). In
this context, both aversive value and statistical frequency can serve as sources of physical
salience (Chelazzi et al., 2014). Supporting this interpretation, neuroimaging studies have
demonstrated that attention capture by aversive and statistical learning involves distinct
neural substrates in the singleton detection mode: statistical learning engages the medial
temporal lobe and hippocampus (Chun & Phelps, 1999; Durran et al., 2013), whereas
aversive stimuli engage the amygdala and visual cortex (Lim et al., 2009). By comparison,
the feature search mode in Experiment 2 relies more heavily on top-down control mecha-
nisms, and the top-down goal-directed attentional strategies may override stimulus-driven
salience (Gaspelin et al., 2015; Stilwell et al., 2024). Evidence has shown that increased task
demands in feature search narrow the attention window and modulate brain networks
in a complex manner (Gerchen & Kirsch, 2017). In this context, the prefrontal cortex is
likely to play a critical role in modulating the attentional control process and integrating
higher-level information (McNab et al., 2008; Minamoto et al., 2010). These top-down
processes may support the observed interaction between aversive associative learning and
statistical learning in Experiment 2.

It has long been suggested that statistical learning is an automatic learning process
(Chun & Jiang, 1998; Theeuwes, 2025; Turk-Browne et al., 2005). In this study, we inves-
tigated whether statistical learning could operate in the absence of explicit knowledge.
We employed an offline test asking participants to recognize the locations associated with
different distractor frequencies. Even after excluding participants who identified the high-
and low-frequency distractor locations, we still observed the independent and interactive
effects between the two learning processes in the two experiments. Notably, our subjective
test was vulnerable to conservative response biases (Vicente-Conesa et al., 2023), and thus
could not definitively rule out all conscious contributions (Vadillo et al., 2016; Le Pelley
et al., 2022). Therefore, we only suggest that the observed attentional inhibition was not
driven by goal-directed control based on explicit knowledge. Instead, the effects are more



Behav. Sci. 2025, 15, 1274

14 of 17

References

consistent with attentional modulation driven by selection history (e.g., Ferrante et al., 2018;
B. Wang & Theeuwes, 2018).

Future studies should pair our paradigm with more sensitive awareness measures
that could disentangle genuine unconscious learning from response criterion effects to
explore whether the interaction between the two learning processes occurs automatically
and unconsciously. In addition, we used relatively mild aversive stimuli (noises) rather
than electric shocks to investigate whether aversive stimulus modulates the attentional
effects. Although previous studies did not observe differences in attentional guidance
between the two types of negative stimuli, this issue warrants further investigation. Finally,
our work primarily focused on location-based statistical learning, leaving the relationship
between object-based learning and aversive learning still unresolved. This issue could be
considered in future research.

In summary, this study employed a one-phase design to investigate how aversive
associative learning and statistical learning influence attentional guidance across different
visual search strategies. Experiment 1 showed that under singleton detection mode, the two
learning mechanisms exerted independent effects on attention. Experiment 2 revealed that
under feature search mode, aversive and statistical learning interacted to jointly modulate
attentional allocation. These findings underscore the adaptability of the attention system in
adapting to complex and dynamic environments by integrating multiple learning signals.

Author Contributions: Conceptualization, Y.C. and C.H.; Data curation, Y.C. and C.H.; Formal
analysis, Y.C. and ].G.; Funding acquisition, J.G. and Y.W.; Investigation, Y.C.; Methodology, Y.C.
and C.H.; Project administration, Y.C. and Y.W,; Software, Y.C. and J.G.; Supervision, Y.C. and YW.;
Validation, Y.C. and J.G.; Visualization, ].G. and C.H.; Writing—original draft, Y.C.; Writing—review
and editing, Y.C., ].G., C.H. and Y.W. All authors have read and agreed to the published version of
the manuscript.

Funding: Y.W. and ].G. were supported by the Fundamental Research Funds for the Central Universi-
ties (226-2024-00118).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Zhejiang University (protocol code
[2024] 005 and date of approval: 29 February 2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data from this study are available at https://osf.io/vin5k/ (accessed
on 19 August 2025).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CRT Cathode-Ray Tube

RGB Red, Green, Blue

ANOVA  Analysis of Variance

CS+ Conditioned Stimulus, a stimulus presented with an aversive noise
CS— The stimulus was presented without any aversive noise

Exp. 1 Experiment 1
Exp. 2 Experiment 2

Anderson, B. A, Kim, H,, Kim, A. J,, Liao, M. R, Mrkonja, L., Clement, A., & Grégoire, L. (2021). The past, present, and future of
selection history. Neuroscience & Biobehavioral Reviews, 130, 326-350. [CrossRef]


https://osf.io/vjn5k/
https://doi.org/10.1016/j.neubiorev.2021.09.004

Behav. Sci. 2025, 15, 1274 15 0f 17

Anderson, B. A, Liao, M. R., & Grégoire, L. (2022). Pavlovian learning in the selection history-dependent control of overt spatial
attention. Journal of Experimental Psychology: Human Perception and Performance, 48(8), 783-789. [CrossRef]

Awh, E., Belopolsky, A. V., & Theeuwes, J. (2012). Top-down versus bottom-up attentional control: A failed theoretical dichotomy:.
Trends in Cognitive Sciences, 16, 437-443. [CrossRef]

Bacon, W. F,, & Egeth, H. E. (1994). Overriding stimulus-driven attentional capture. Perception & Psychophysics, 55(5), 485—496.
[CrossRef]

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10, 433—436. [CrossRef]

Brosch, T., Sander, D., Pourtois, G., & Scherer, K. R. (2008). Beyond fear: Rapid spatial orienting toward positive emotional stimuli.
Psychological Science, 19(4), 362-370. [CrossRef]

Carrasco, M. (2011). Visual attention: The past 25 years. Vision Research, 51(13), 1484-1525. [CrossRef]

Chelazzi, L., ESto¢inov4, J., Calletti, R., Lo Gerfo, E., Sani, I., Della Libera, C., & Santandrea, E. (2014). Altering spatial priority maps via
reward-based learning. Journal of Neuroscience, 34(25), 8594-8604. [CrossRef]

Chelazzi, L., Marini, F.,, Pascucci, D., & Turatto, M. (2019). Getting rid of visual distractors: The why, when, how, and where. Current
Opinion in Psychology, 29, 135-147. [CrossRef]

Chun, M. M,, & Jiang, Y. (1998). Contextual cueing: Implicit learning and memory of visual context guides spatial attention. Cognitive
Psychology, 36(1), 28-71. [CrossRef]

Chun, M. M., & Phelps, E. A. (1999). Memory deficits for implicit contextual information in amnesic subjects with hippocampal
damage. Nature Neuroscience, 2, 844-847. [CrossRef]

Cohen, A., & Magen, H. (1999). Intra- and cross-dimensional visual search for single-feature targets. Perception and Psychophysics,
61(2), 291-307. [CrossRef]

Durran, S.]., Cairney, S. A., & Lewis, P. A. (2013). Overnight consolidation aids the transfer of statistical knowledge from the medial
temporal lobe to the striatum. Cerebral Cortex, 23(10), 2467-2478. [CrossRef]

Failing, M., & Theeuwes, J. (2018). Selection history: How reward modulates selectivity of visual attention. Psychonomic Bulletin &
Review, 25(2), 514-538. [CrossRef]

Fan, Z., Aijjun, W., & Ming, Z. (2021). The influence of feature-based statistical regularity of singletons on the attentional suppression
effect. Acta Psychologica Sinica, 53(6), 555-564. [CrossRef]

Faul, F,, Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: A flexible statistical power analysis program for the social,
behavioral, and biomedical sciences. Behavior Research Methods, 39, 175-191. [CrossRef]

Ferrante, O., Patacca, A., Di Caro, V., Della Libera, C., Santandrea, E., & Chelazzi, L. (2018). Altering spatial priority maps via statistical
learning of target selection and distractor filtering. Cortex, 102, 67-95. [CrossRef]

Gao, Y., & Theeuwes, J. (2022). Learning to suppress a location does not depend on knowing which location. Attention, Perception, &
Psychophysics, 84(4), 1087-1097. [CrossRef]

Gaspelin, N., Leonard, C. J., & Luck, S. J. (2015). Direct evidence for active suppression of salient-but-irrelevant sensory inputs.
Psychological Science, 26(11), 1740-1750. [CrossRef]

Gaspelin, N., & Luck, S.J. (2018). The role of inhibition in avoiding distraction by salient stimuli. Trends in Cognitive Science, 22(1), 79-92.
[CrossRef]

Gdalyahu, A., Tring, E., Polack, P. O., Gruver, R., Golshani, P., Fanselow, M. S., Silva, A. J., & Trachtenberg, J. T. (2012). Associative fear
learning enhances sparse network coding in primary sensory cortex. Neuron, 75, 121-132. [CrossRef]

Geng, J.J., & Behrmann, M. (2005). Spatial probability as an attentional cue in visual search. Percept Psychophys, 67(7), 1252-1268.
[CrossRef]

Gerchen, F. M., & Kirsch, P. (2017). Combining task-related activation and connectivity analysis of fMRI data reveals complex
modulation of brain networks. Human Brain Mapping, 38, 5726-5739. [CrossRef]

Gutierrez, M., & Berggren, N. (2019). Anticipation of aversive threat potentiates task-irrelevant attentional capture. Cognition and
Emotion, 34(5), 1036-1043. [CrossRef]

Huang, C., Donk, M., & Theeuwes, J. (2022). Proactive enhancement and suppression elicited by statistical regularities in visual search.
Journal of Experimental Psychology: Human Perception and Performance, 48, 443-457. [CrossRef]

Huang, C., Vilotijevic, A., Theeuwes, ]., & Donk, M. (2021). Proactive distractor suppression elicited by statistical regularities in visual
search. Psychonomic Bulletin & Review, 28, 918-927. [CrossRef]

Huang, L., & Pashler, H. (2005). Attention capacity and task difficulty in visual search. Cognition, 94(3), B101-B111. [CrossRef]

Ivanov, Y., & Theeuwes, . (2021). Distractor suppression leads to reduced flanker interference. Attention, Perception, & Psychophysics,
83(2), 624-636. [CrossRef]

Jiang, Y. V. (2018). Habitual versus goal-driven attention. Cortex, 102, 107-120. [CrossRef]

Kass, R. E., & Raftery, A. (1995). Bayes factors. Journal of the American Statistical Association, 90, 773-795. [CrossRef]

Kerzel, D., Balbiani, C., Rosa, S., & Huynh Cong, S. (2022). Statistical learning in visual search reflects distractor rarity, not only
attentional suppression. Psychonomic Bulletin & Review, 29(5), 1890-1897. [CrossRef]


https://doi.org/10.1037/xhp0001030
https://doi.org/10.1016/j.tics.2012.06.010
https://doi.org/10.3758/bf03205306
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1111/j.1467-9280.2008.02094.x
https://doi.org/10.1016/j.visres.2011.04.012
https://doi.org/10.1523/JNEUROSCI.0277-14.2014
https://doi.org/10.1016/j.copsyc.2019.02.004
https://doi.org/10.1006/cogp.1998.0681
https://doi.org/10.1038/12222
https://doi.org/10.3758/BF03206889
https://doi.org/10.1093/cercor/bhs244
https://doi.org/10.3758/s13423-017-1380-y
https://doi.org/10.3724/SP.J.1041.2021.00555
https://doi.org/10.3758/BF03193146
https://doi.org/10.1016/j.cortex.2017.09.027
https://doi.org/10.3758/s13414-021-02404-z
https://doi.org/10.1177/0956797615597913
https://doi.org/10.1016/j.tics.2017.11.001
https://doi.org/10.1016/j.neuron.2012.04.035
https://doi.org/10.3758/BF03193557
https://doi.org/10.1002/hbm.23762
https://doi.org/10.1080/02699931.2019.1706448
https://doi.org/10.1037/xhp0001002
https://doi.org/10.3758/s13423-021-01891-3
https://doi.org/10.1016/j.cognition.2004.06.006
https://doi.org/10.3758/s13414-020-02159-z
https://doi.org/10.1016/j.cortex.2017.06.018
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.3758/s13423-022-02097-x

Behav. Sci. 2025, 15, 1274 16 of 17

Kerzel, D., & Huynh Cong, S. (2024). Search mode, not the attentional window, determines the magnitude of attentional capture.
Attention, Perception, & Psychophysics, 86(2), 457-470. [CrossRef]

Kim, H., & Anderson, B. A. (2019). Dissociable components of experience-driven attention. Current Biology, 29(5), 841-845.e842.
[CrossRef]

Kim, H., & Anderson, B. A. (2020). How does the attention system learn from aversive outcomes? Emotion, 21(4), 898-903. [CrossRef]

Kim, H., & Anderson, B. A. (2021). Combined influence of valence and statistical learning on the control of attention: Evidence for
independent sources of bias. Cognition, 208, 104554. [CrossRef]

Kong, S., Li, X., Wang, B., & Theeuwes, J. (2020). Proactively location-based suppression elicited by statistical learning. PLoS ONE,
15(6), €0233544. [CrossRef]

Leber, A. B, & Egeth, H. E. (2006). Attention on autopilot: Past experience and attentional set. Visual Cognition, 14(4-8), 565-583.
[CrossRef]

LeDoux, J. E. (1996). The emotional brain: The mysterious underpinnings of emotional life. Simon & Schuster. Available online: https://
psycnet.apa.org/record/1996-98824-000 (accessed on 2 June 2025).

LeDoux, J. E. (2014). Coming to terms with fear. Proceedings of the National Academy of Sciences of the United States of America,
111(8), 2871-2878. [CrossRef]

Le Pelley, M. E., Ung, R., Mine, C., Most, S. B., Watson, P., Pearson, D., & Theeuwes, J. (2022). Reward learning and statistical
learning independently influence attentional priority of salient distractors in visual search. Attention, Perception, & Psychophysics,
84(5), 1446-1459. [CrossRef]

Lim, S. L., Padmala, S., & Pessoa, L. (2009). Segregating the significant from the mundane on a moment-to-moment basis via direct and
indirect amygdala contributions. Proceedings of the National Academy of Sciences of the United States of America, 106, 16841-16846.
[CrossRef]

Luck, S. J., Gaspelin, N., Folk, C. L., Remington, R. W., & Theeuwes, J. (2021). Progress toward resolving the attentional capture debate.
Visual Cognition, 29(1), 1-21. [CrossRef] [PubMed]

Ma, X., & Abrams, R. A. (2023). Ignoring the unknown: Attentional suppression of unpredictable visual distraction. Journal of
Experimental Psychology: Human Perception and Performance, 49(1), 1-6. [CrossRef]

Masullo, M., Maffei, L., Iachini, T., Rapuano, M., Cioffi, F,, Ruggiero, G., & Ruotolo, F. (2021). A questionnaire investigating the
emotional salience of sounds. Applied Acoustics, 182, 108281. [CrossRef]

McNab, E, Leroux, G., Strand, F,, Thorell, L., Bergman, S., & Klingberg, T. (2008). Common and unique components of inhibition and
working memory: An fMRI, within-subjects investigation. Neuropsychologia, 46(11), 2668-2682. [CrossRef]

Minamoto, T., Osaka, M., & Osaka, N. (2010). Individual differences in working memory capacity and distractor processing: Possible
contribution of top-down inhibitory control. Brain Research, 1335, 63-73. [CrossRef]

Nickel, A. E., Hopkins, L. S., Minor, G. N., & Hannula, D. E. (2020). Attention capture by episodic long-term memory. Cognition,
201, 104312. [CrossRef]

Nissens, T., Failing, M., & Theeuwes, J. (2016). People look at the object they fear: Oculomotor capture by stimuli that signal threat.
Cognition and Emotion, 31(8), 1707-1714. [CrossRef] [PubMed]

Ogden, A., Kim, H., & Anderson, B. A. (2023). Combined influence of valence and statistical learning on the control of attention II:
Evidence from within-domain additivity. Attention, Perception, & Psychophysics, 85(2), 277-283. [CrossRef]

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics: Transforming numbers into movies. Spatial Vision, 10, 437-442.
[CrossRef]

Rusz, D., Le Pelley, M. E., Kompier, M. A.J., Mait, L., & Bijleveld, E. (2020). Reward-driven distraction: A meta-analysis. Psychological
Bulletin, 146, 872-899. [CrossRef]

Schmidt, L. J., Belopolsky, A. V., & Theeuwes, J. (2015). Attentional capture by signals of threat. Cognition and Emotion, 29(4), 687-694.
[CrossRef]

Smith, S. D., Most, S. B., Newsome, L. A., & Zald, D. H. (2006). An emotion-induced attentional blink elicited by aversively conditioned
stimuli. Emotion, 6(3), 523-527. [CrossRef]

Sokol-Hessner, P., Camerer, C. F,, & Phelps, E. A. (2013). Emotion regulation reduces loss aversion and decreases amygdala responses
to losses. Social Cognitive and Affective Neuroscience, 8(2), 341-350. [CrossRef]

Stankevich, B. A., & Geng, J. J. (2014). Reward associations and spatial probabilities produce additive effects on attentional selection.
Attention, Perception, & Psychophysics, 76, 2315-2325. [CrossRef] [PubMed]

Stilwell, B. T., Egeth, H. E., & Gaspelin, N. (2024). Evidence against the low-salience account of attentional suppression. Journal of
Experimental Psychology: Human Perception and Performance, 50(10), 1033-1047. [CrossRef] [PubMed]

Theeuwes, J. (1992). Perceptual selectivity for colour and form. Perception & Psychophysics, 51, 599—-606. [CrossRef]

Theeuwes, J. (2019). Goal-driven, stimulus-driven, and history-driven selection. Current Opinion in Psychology, 29, 97-101. [CrossRef]

Theeuwes, . (2023). The attentional capture debate: When can we avoid salient distractors and when not? Journal of Cognition, 6(1), 35.
[CrossRef]


https://doi.org/10.3758/s13414-022-02582-4
https://doi.org/10.1016/j.cub.2019.01.030
https://doi.org/10.1037/emo0000757
https://doi.org/10.1016/j.cognition.2020.104554
https://doi.org/10.1371/journal.pone.0233544
https://doi.org/10.1080/13506280500193438
https://psycnet.apa.org/record/1996-98824-000
https://psycnet.apa.org/record/1996-98824-000
https://doi.org/10.1073/pnas.1400335111
https://doi.org/10.3758/s13414-021-02426-7
https://doi.org/10.1073/pnas.0904551106
https://doi.org/10.1080/13506285.2020.1848949
https://www.ncbi.nlm.nih.gov/pubmed/33574729
https://doi.org/10.1037/xhp0001067
https://doi.org/10.1016/j.apacoust.2021.108281
https://doi.org/10.1016/j.neuropsychologia.2008.04.023
https://doi.org/10.1016/j.brainres.2010.03.088
https://doi.org/10.1016/j.cognition.2020.104312
https://doi.org/10.1080/02699931.2016.1248905
https://www.ncbi.nlm.nih.gov/pubmed/27797292
https://doi.org/10.3758/s13414-022-02622-z
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1037/bul0000296
https://doi.org/10.1080/02699931.2014.924484
https://doi.org/10.1037/1528-3542.6.3.523
https://doi.org/10.1093/scan/nss002
https://doi.org/10.3758/s13414-014-0720-5
https://www.ncbi.nlm.nih.gov/pubmed/24944105
https://doi.org/10.1037/xhp0001234
https://www.ncbi.nlm.nih.gov/pubmed/39172365
https://doi.org/10.3758/bf03211656
https://doi.org/10.1016/j.copsyc.2018.12.024
https://doi.org/10.5334/joc.251

Behav. Sci. 2025, 15, 1274 17 of 17

Theeuwes, J. (2025). Attentional capture and control. Annual Review of Psychology, 76(1), 251-273. [CrossRef]

Theeuwes, J., Bogaert, L., & van Moorselaar, D. (2022). What to expect where and when: How statistical learning drives visual selection.
Trends in Cognitive Sciences, 26(10), 860-872. [CrossRef]

Turk-Browne, N. B., Jungé, J. A., & Scholl, B. J. (2005). The automaticity of visual statistical learning. Journal of Experimental Psychology:
General, 134(4), 552-564. [CrossRef]

Vadillo, M. A., Konstantinidis, E., & Shanks, D. R. (2016). Underpowered samples, false negatives, and unconscious learning.
Psychonomic Bulletin & Review, 23, 87-102. [CrossRef]

Vicente-Conesa, F.,, Giménez-Fernandez, T., Luque, D., & Vadillo, M. A. (2023). Learning to suppress a distractor may not be unconscious.
Attention, Perception & Psychophysics, 85, 796-813. [CrossRef]

Wang, B., & Theeuwes, J. (2018). Statistical regularities modulate attentional capture independent of search strategy. Attention,
Perception, & Psychophysics, 80, 1763-1774. [CrossRef]

Wang, B., van Driel, ., Ort, E., & Theeuwes, J. (2019). Anticipatory distractor suppression elicited by statistical regularities in visual
search. Journal of Cognitive Neuroscience, 31(10), 1535-1548. [CrossRef]

Wang, Y., Luo, L., Chen, G., Luan, G., Wang, X., Wang, Q., & Fang, F. (2023). Rapid processing of invisible fearful faces in the human
amygdala. Journal of Neuroscience, 43(8), 1405-1413. [CrossRef] [PubMed]

Watson, P., Pearson, D., Wiers, R. W., & Le Pelley, M. E. (2019). Prioritizing pleasure and pain: Attentional capture by reward-related
and punishment-related stimuli. Current Opinion in Behavioral Sciences, 26, 107-113. [CrossRef]

Won, B.-Y., Kosoyan, M., & Geng, J.J. (2019). Evidence for second-order singleton suppression based on probabilistic expectations.
Journal of Experimental Psychology: Human Perception and Performance, 45(1), 125-138. [CrossRef]

Yang, W., Makita, K., Nakao, T., Kanayama, N., Machizawa, M. G., Sasaoka, T., Sugata, A., Kobayashi, R., Hiramoto, R., Yamawaki, S.,
Iwanaga, M., & Miyatani, M. (2018). Affective auditory stimulus database: An expanded version of the international affective
digitized sounds (IADS-E). Behavior Research Methods, 50(4), 1415-1429. [CrossRef]

Zhao, G., Wu, R., Wang, H., Chen, J., Li, S., Wang, Q., & Sun, H. J. (2024). Reward history and statistical learning independently impact
attention search: An ERP study. Brian Science, 14(9), 874. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1146/annurev-psych-011624-025340
https://doi.org/10.1016/j.tics.2022.06.001
https://doi.org/10.1037/0096-3445.134.4.552
https://doi.org/10.3758/s13423-015-0892-6
https://doi.org/10.3758/s13414-022-02608-x
https://doi.org/10.3758/s13414-018-1562-3
https://doi.org/10.1162/jocn_a_01433
https://doi.org/10.1523/JNEUROSCI.1294-22.2022
https://www.ncbi.nlm.nih.gov/pubmed/36690451
https://doi.org/10.1016/j.cobeha.2018.12.002
https://doi.org/10.1037/xhp0000594
https://doi.org/10.3758/s13428-018-1027-6
https://doi.org/10.3390/brainsci14090874
https://www.ncbi.nlm.nih.gov/pubmed/39335370

	Introduction 
	Experiment 1 
	Method 
	Participants 
	Apparatus 
	Stimuli and Procedure 
	Post-Experiment Measures 
	Data Analysis 

	Results 
	Manipulation Checks 
	Target Detection in Distractor—Present Conditions 
	Target Location Effects When Distractors Are Absent 
	Explicit Recognition of Statistical Regularities 

	Discussion 

	Experiment 2 
	Method 
	Participants 
	Stimuli and Procedure 

	Results 
	Manipulation Checks 
	Target Detection in Distractor—Present Conditions 
	Target Location Effects When Distractors Are Absent 
	Explicit Recognition of Statistical Regularities 
	Comparison Between the Attentional Effects in Experiments 1 and 2 

	Discussion 

	General Discussion 
	References

