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Abstract 
A fundamental aspect of attention is its spatial scope: whether attention is narrowly focused or more broadly distributed 
across the visual field. Here, we examined whether the spatial scope of attention is modulated by tonic arousal level. Based 
on findings that arousal amplifies the selectivity of attention and memory, we hypothesized that arousal would enhance the 
currently dominant spatial scope of attention (narrow or broad). Participants (N = 39) performed a visual search task designed 
to measure the breadth of attention. Continuous auditory white noise was presented in half of the blocks to increase tonic 
arousal. Each trial started with a procedure that aimed to induce a narrow or broad breadth of attention. Pupil size measure-
ments and visual search task performance revealed that the manipulations of arousal and breadth of attention were successful. 
However, we found strong Bayesian evidence against an amplifying effect of arousal on the dominant attentional scope. We 
discuss the implications of this finding for arousal-biased competition theory.
Open practices statement  This research was not preregistered. Subject-level data and the analysis code are openly available 
in the Open Science Framework (OSF) repository (https://​osf.​io/​6rkwg/). The raw data are available from the corresponding 
author upon reasonable request.
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Introduction

Levels of arousal, the activation of the central and auto-
nomic nervous systems, can influence human cognition and 
behaviour. Sometimes arousal has general effects on behav-
ioural state, such as an increase in alertness and readiness 
for action (Brown et al., 2015; Nieuwenhuis et al., 2011). 
However, arousal can also have more complex and dynamic 
effects on cognitive processes such as perception and mem-
ory, sometimes enhancing them, at other times impairing 
them (Mather et al., 2016). One theory that explains these 
complex effects of arousal on cognition is the arousal-biased 
competition (ABC) theory (Hockey, 1970; Mather & Suther-
land, 2011). This theory is built on the assumption that pro-
cessing information is a competitive process, in which dif-
ferent stimuli compete for limited resources. Certain stimuli, 

including highly salient and goal-relevant signals, receive 
competitive advantage over other stimuli. According to ABC 
theory, the selective processing of these stimuli is further 
enhanced by arousal, meaning that arousal strengthens the 
representation of these stimuli while simultaneously weak-
ening the representation of less conspicuous ones. These 
winner-take-all dynamics have been demonstrated across 
various cognitive processes, including bottom-up and top-
down attention (Cornsweet, 1969; A. P. Smith, 1982; Suther-
land & Mather, 2012); but see Ásgeirsson & Nieuwenhuis, 
2017, 2019), expectation (Hockey, 1970; A. P. Smith, 1985), 
memory (Sakaki et al., 2014), and higher-level decision-
making (Wichary et al., 2016).

Here, we were interested in whether arousal also 
enhances the currently dominant spatial scope of atten-
tion—that is, whether attention is narrowly focused on a 
small area of the visual field or broadly distributed over 
a larger area (Eriksen & St James, 1986). In line with 
other studies that tested the ABC theory (Ásgeirsson & 
Nieuwenhuis, 2017; Mather et al., 2016), we asked par-
ticipants to respond to neutral stimuli that were presented 
in the context of a task-irrelevant arousal manipulation. 
The participants’ level of tonic arousal was manipulated 
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using loud and sustained (auditory) white noise (e.g., 
Ásgeirsson & Nieuwenhuis, 2017). Their breadth of atten-
tion was manipulated using a global motion task (Law-
rence et al., 2020) in which participants were asked to 
report whether an array of dots, within either a small or 
large circle (varied across trials), was moving in a clock-
wise or counterclockwise direction (Fig. 1A). As this task 
requires integrating information from the entire circle, 
it should be effective at distributing attention across the 
entire circle, rather than just its perimeter. On each trial, 
we measured the impact of arousal on breadth of atten-
tion using a visual search task. Participants were asked 
to detect a target ellipse among distractors, which was 

presented either centrally or peripherally. Using this task, 
Kolnes et al. (2023) found that a narrow breadth of atten-
tion enhanced visual search for targets near the centre of 
the screen, while a broad breadth of attention enhanced 
visual search for targets farther away from the centre of 
the screen. Here, we asked whether higher arousal levels 
boosted this effect of attentional breadth (i.e., the cur-
rent scope of attention), in line with ABC theory. To ana-
lyse performance on the visual search task, we did not 
only examine reaction times (RTs) and error rates, but 
also used a drift diffusion model (DDM), allowing an 
unambiguous quantification of performance differences 
between task conditions.

Fig. 1   A. Example of a trial. B. Results of the visual search task. Asterisks indicate significant simple main effects of breadth of attention after 
Holm correction (p <.05)



Attention, Perception, & Psychophysics          (2026) 88:184 	 Page 3 of 8    184 

Method

Participants

Forty-seven Leiden University students participated in 
return for course credits or €12.50. This sample size was 
chosen based on a simulation-based power analysis in R 
using the simr package (Green & MacLeod, 2016). Based 
on interim data (N = 22), simulations assumed a three-way 
interaction effect of β = 0.06 and indicated that approxi-
mately 45 participants were required to achieve 80% power 
at α =.05. After pre-processing, the final sample included 
39 participants (29 women; age range: 18–35; Mage = 20.5).

Procedure

The experiment consisted of four blocks of 64 trials, each 
lasting approximately 7 min. There were eight experimen-
tal conditions, defined by three factors: (1) narrow versus 
broad attentional breadth induction, (2) centrally versus 
peripherally located target in the visual search task, and 
(3) auditory white noise vs. no noise. At the start of the 
experiment, participants practiced each task separately for 
eight trials. They then practiced the full trial sequence 
without white noise and with white noise, for eight trials 
each.

Each trial included a fixation period, attentional breadth 
induction using a global motion task, attentional breadth 
measurement using a visual search task, response remind-
ers, and feedback (Fig. 1A). An eye tracker monitored 
participants’ gaze location. Upon the detection of central 
fixation, the fixation display was presented for a random 
duration between 2,500 and 3,000 ms. If fixation was not 
detected (2.1% of the trials), the period was extended by 
an additional 2,000 ms before the trial continued. Omit-
ting these trials did not change the outcome of the pupil 
analyses.

Following the fixation period, participants performed a 
global motion task, used to manipulate attentional breadth 
(Lawrence et al., 2020). Participants were asked to deter-
mine and remember whether the majority of dots in a circle 
moved in a clockwise or counterclockwise direction. The 
white dots were presented on a grey background in a circle 
of one of two sizes: a small circle (radius of 1.25° of visual 
angle, containing 18 dots, half of the trials in each block) 
or a large circle (radius of 10°, containing 740 dots, other 
half of the trials), with the small circle inducing a narrower 
focus and the large circle inducing a broader focus. The 
dot density was approximately 3.68 dots/degree2. The dots 
had an inner radius of 0.024° of visual angle. The spatial 
step of the dots was set to 0.19°, with a movement speed of 

5.76°/s. The lifetime of each dot was limited to 2 frames. 
To maintain an accuracy of approximately 82% in each 
condition (narrow and broad), we used separate QUEST 
staircase procedures to dynamically adjust the percentage 
of dots moving in a single direction.

Next, in the visual search task (based on Kolnes et al., 
2023), participants had to locate a target ellipse among 
distractor ellipses presented in dark red on a grey back-
ground. Eight ellipses were displayed within a central area 
slightly smaller than the large circle in the motion task 
(radius of 7°). Seven distractor ellipses were randomly 
positioned, all oriented identically, and one target ellipse 
was tilted 25° to the left or the right. The target was either 
centrally (1°) or peripherally located (4° from the centre 
of the screen). Each ellipse measured 0.9° in height and 
0.65° in width. The minimum distance between ellipses 
was 0.45° vertically and 0.33° horizontally. The visual 
search display was presented for 50 ms to discourage eye 
movements during the task. Immediately afterward, par-
ticipants had to indicate, as quickly and accurately as pos-
sible, whether the target ellipse was tilted to the left or the 
right using the arrow keys on a keyboard.

Next, a response reminder for the global motion task 
was presented, prompting participants to indicate whether 
the overall motion was counterclockwise or clockwise 
using the “W” and “S” keys, respectively. Finally, partici-
pants received feedback on their performance in both the 
global motion task and the visual search task.

To systematically manipulate participants’ arousal lev-
els, continuous loud white noise (90 dB) was presented 
through headphones throughout half of the blocks. In the 
blocks without noise, participants wore the same head-
phones. For half of the participants, the noise was pre-
sented in the first and third blocks (ABAB), for the other 
half the noise was presented in the second and fourth 
blocks (BABA). To prevent carry-over effects, a 5-min 
break was provided between blocks. The full experiment 
lasted 50–60 min.

Preprocessing of behavioural data

First, participants with an error rate exceeding 45% in at 
least one of the eight cells of the experimental design were 
excluded from all analyses, resulting in the removal of 
eight participants. Second, for each participant and cell of 
the design, the median RT and median absolute deviation 
(MAD) were calculated, and trials with RTs falling outside 
three MADs from the median were excluded. This step 
resulted in the exclusion of 6.28% of the data. All partici-
pants had at least 50% of their data retained in every cell of 
the design.
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Preprocessing of pupil data

Pupil size was recorded at a sampling frequency of 60 Hz 
using a Tobii Sparks eye tracker, and the PupillometryR 
package in R was used for data preprocessing. First, blinks 
identified by the eye tracker were extended both forward and 
backward by 100 ms to account for artifacts related to eye 
movements. Next, data were filtered using a median filter with 
a polynomial degree of 11 to reduce noise. Missing values at 
the start and end of the trials were extrapolated, and linear 
interpolation was applied to the remaining missing data points 
to generate continuous pupil measurements. Finally, the aver-
age pupil size in a 1,000-ms window prior to motion task onset 
was used for analyses. Trials with more than 50% missing raw 
data were discarded (M = 2.3%). One participant was excluded 
due to high data loss (more than 50% of trials). Pupil data were 
z-scored within each participant.

Drift diffusion model (DDM) analysis

The DDM analysis was conducted on the pre-processed 
data from the visual search task, including both correct and 
error trials. To capture the underlying cognitive processes 
involved in decision-making, we used the EZ diffusion model 

(Wagenmakers et al., 2007), which derives three key param-
eters from accuracy and RT data: drift rate, nondecision time, 
and boundary separation. Our primary focus was on the drift 
rate, which reflects the average speed of evidence accumula-
tion toward one of two decision thresholds (e.g., whether the 
target ellipse is tilted left or right) and is modulated by atten-
tion through its influence on the effective quality of incoming 
perceptual evidence. Nondecision time and boundary separa-
tion were not sensitive to any of the task variables.

Statistical analysis

Correct RTs, error rates and the DDM parameter drift rate 
were analysed using (generalized) linear mixed-effects mod-
els, using the lme4 and lmerTest packages in R. All predictors 
were deviation-coded. In line with the recommendations of 
Barr and colleagues (2013), we initially specified the most 
complex random-effects structure supported by the design—
that is, when possible, models included both random inter-
cepts and random slopes for all within-subject fixed effects 
(white noise, breadth of attention, and target distance) and 
their interactions. If a model failed to converge, the random 
structure was gradually simplified by removing random slopes 
in a stepwise manner. The final models were as follows:

To evaluate the strength of evidence in favour of the 
alternative or null hypothesis, we conducted Bayesian 
repeated-measures ANOVAs. Model comparisons were 
performed across the full model space, and Bayes fac-
tors were computed for each effect using the BFinclusion 
approach, which quantifies the strength of evidence for 
including a specific effect in the model compared with 
models excluding it (Wagenmakers et al., 2018). Model 
priors were specified to reflect noninformative assump-
tions about effect inclusion. A uniform model prior was 
used, meaning that all possible models (i.e., combina-
tions of main effects and interactions) were considered 
equally likely a priori. For the coefficient priors, the default 
Cauchy prior scales were used: fixed effects: r = 0.5; ran-
dom effects: r = 1; covariates: r = 0.354. Bayes factors were 

RT model ∶ RT ∼ noise × breadth of attention × target distance + (1 + noise + breadth of attention + target distance |participant )

Error ratemodel ∶ error rate ∼ noise × breadth of attention × target distance + (1 |participant )(binomial GLMM)

Drift ratemodel ∶ drift rate ∼ noise × breadth of attention × target distance + (1 |participant

interpreted according to established conventions (Lee & 
Wagenmakers, 2014).

Results

Manipulation check: Arousal manipulation 
was successful

To assess whether pupil-linked arousal was affected by the 
white noise manipulation, we first regressed out time-on-
task effects (similar to Ásgeirsson & Nieuwenhuis, 2017) 
using a simple linear regression with pre-trial baseline pupil 
size as the dependent variable and trial number in block 
as the independent variable. A repeated-measures mixed 
ANOVA of the residuals with condition (noise vs. no noise) 
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and condition order (ABAB or BABA, nuisance variable) 
as independent variables indicated that baseline pupil size 
was larger in the noise blocks (M = 4.45 mm, SD = 0.72) 
than in the no-noise blocks (M = 4.37 mm, SD = 0.67), 
F(1,36) = 12.31, p <.01, general η2 = 0.25, BFincl = 5.9 × 10⁷ 
(Supplementary Table S1 and S2).

Manipulation check: Breadth‑of‑attention 
manipulation was successful

The average accuracy in the motion task was 85.5% (based 
on the end-of-trial responses to the motion task). Accu-
racy was lower in the narrow-breadth-of-attention condi-
tion compared to the broad-breadth-of-attention condition 
(84.1% vs. 86.9%), t(38) = 4.12, p <.001, suggesting that 
the staircase procedure was more effective in the narrow 
condition, converging more closely on the target accuracy 
level of 82%.

To assess whether the breadth-of-attention manipula-
tion was successful, we used linear mixed models predict-
ing measures of visual search performance in the visual 
search task (RT, accuracy, drift rate) based on noise ver-
sus no noise, breadth of attention (narrow vs. broad), and 
target distance from the centre of the screen (1° vs. 4°). 
Importantly, all three measures of visual search perfor-
mance showed significant cross-over interactions between 
breadth of attention and target distance (Table 1). These 
interactions indicated that visual search was impaired for 
more eccentric targets (4°), but less so in the broad breadth-
of-attention condition (Fig. 1B). Likewise, visual search 
was improved for more central targets (1°), but less so in 
the broad breadth-of-attention condition. These findings 
suggest that the breadth-of-attention manipulation was 
successful.

White‑noise manipulation did not enhance 
the dominant attentional scope

As shown in Table 1, our arousal manipulation had no main 
or interaction effects on any of the three measures of visual 
search performance. Specifically, the main effect of white 
noise provided strong evidence against inclusion in the sta-
tistical model, with Bayes factors ranging from BFincl = 0.12 
to 0.27. Similarly, the two-way interaction between white 
noise and target distance showed moderate evidence against 
inclusion (BFincl = 0.13 to 0.25), suggesting that arousal did 
not cause an overall broadening or narrowing of the scope 
of attention (cf. Easterbrook, 1959). Finally, the critical 
three-way interaction between white noise, breadth of atten-
tion, and target distance provided moderate to strong evi-
dence against inclusion (BFincl = 0.02 to 0.16). So, contrary 
to our key hypothesis, arousal did not amplify the effects of 
breadth of attention on visual search.

Fluctuations in pupil‑linked arousal did 
not modulate the dominant attentional scope

We conducted an additional, exploratory analysis to exam-
ine whether spontaneous fluctuations in pre-trial baseline 
pupil size modulated the effects of breadth of attention on 
visual search. Note that these fluctuations were an order 
of magnitude larger (e.g., Δ  1 st vs. 4th quartile ≈ 1 mm) 
than the effect of white noise on pupil size (0.09 mm, 
reported above). We fitted linear mixed-effects models 
predicting RTs and error rates from single-trial measures 
of baseline pupil size, white noise (present vs. absent), 
attentional breadth and target distance, including all inter-
actions between predictors (see Supplementary Materials 
for full models and tables.

Table 1   Inferential statistics of reaction times, error rates, and drift rate in the visual search task

Default levels: white noise = yes; breadth of attention = narrow; target distance = 4. Frequentist analyses were conducted using linear mixed-
effects models fitted to the trial-level data. Bayesian analyses were conducted on participant-level condition means using repeated-measures 
ANOVAs in JASP

Effect RT Error rate DDM: drift rate

Estimate p BFincl Odds ratio p BFincl Estimate p BFincl

white noise  − 0.02 .32 0.27 0.77 .25 0.12 0.001 .96 0.19
Breadth of attention 0.01 .08 1233.80 0.61 .043 0.17 0.03 .013 3.13
Target distance 0.23  <.001 2.6 × 1014 7.27  <.001 2.3 × 1010  − 0.18  <.001 1.2 × 1014

White noise × breadth of attention 0.01 .29 0.23 1.44 .30 0.09  − 0.02 .38 0.32
White noise × target distance  − 0.01 .25 0.25 1.14 .59 0.13 0.01 .54 0.25
Breadth of attention × target distance 0.07  <.001 5191.73 1.72 .040 0.33  − 0.04 .019 15.72
White noise × breadth of atten-

tion × target distance
0.003 .89 0.09 0.82 .60 0.02 0.002 .95 0.16
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The analyses revealed a significant main effect of base-
line pupil size on RTs (Table S3), indicating that trials with 
larger pupil-linked arousal were associated with slower RTs. 
However, critically, baseline pupil size did not modulate the 
significant interaction between attentional breadth and target 
distance, which reflects the effect of our breadth-of-attention 
manipulation, nor the three-way interaction between white 
noise, attentional breadth and target distance (Table S3). 
Thus, although baseline pupil size was related to overall 
task performance, it did not amplify the attentional breadth 
effects central to our hypotheses. The same pattern was 
observed in the error-rate analysis (Table S4).

Discussion

The aim of this study (N = 39) was to examine whether 
arousal modulates the currently dominant spatial scope of 
attention. Building on the framework of ABC theory, we 
hypothesized that heightened arousal would enhance the 
task-relevant scope of attention: narrow or broad. To test this 
hypothesis, we manipulated attentional breadth on a trial-
by-trial basis using a global motion task, and tonic arousal 
by presenting loud white noise. Both manipulations were 
successful. However, contrary to our expectations, arousal 
did not influence the dominant scope of attention: All 
three dependent variables showed moderate (BFincl < 0.33) 
to strong (BFincl < 0.125) Bayesian evidence for the null 
hypothesis. Spontaneous fluctuations in pupil-linked arousal 
did also not bias the currently dominant attentional scope.

These results seem inconsistent with the predictions of 
ABC theory (Mather & Sutherland, 2011). Target stimuli in 
the centre and periphery of the visual search display had higher 
or lower priority, depending on the induced breadth of atten-
tion. Therefore, we expected that arousal would improve visual 
search for centrally presented targets when attention was nar-
rowly focused, while improving peripheral search when atten-
tion was more broadly distributed. Our task design had high 
top-down demands by requiring goal-directed modulation of 
attentional breadth. In this regard, the null findings align with 
other experiments that have failed to replicate arousal-driven 
modulations of top-down visual attention (Ásgeirsson & Nieu-
wenhuis, 2017). On the other hand, several studies have found 
that arousal enhances recall of stimuli or stimulus dimensions 
with high top-down priority, while impairing recall of infor-
mation with low top-down priority (Sakaki et al., 2014; A. P. 
Smith, 1982). Another study found that arousal amplified the 
processing of task-relevant visual cues, regardless of whether 
these were presented in a central or peripheral location (Corn-
sweet, 1969). Together, these results provide mixed evidence 
for an arousal-related competitive advantage for mental repre-
sentations with top-down priority.

Our finding that the white-noise manipulation had no main 
or two-way interaction effect on any measure of visual search 
performance may raise a concern about the success of our 
arousal manipulation. However, we believe this concern is not 
warranted. First, the presentation of continuous, loud auditory 
white noise is one of the most widely used methods—par-
ticularly in the absence of affective content—for increasing 
baseline arousal. During the  1970 s and  1980 s, a period 
marked by growing interest in human factors, numerous 
studies employed this approach to investigate the effects of 
environmental noise (e.g., in industrial settings) on cognitive 
performance (reviewed in A. Smith, 1989). Second, auditory 
white noise at moderate-to-high intensities (≤ 90 dB) has been 
shown to enhance the selectivity of perception (e.g., O’Malley 
& Poplawsky, 1971; A. P. Smith, 1985) and memory (e.g., 
Hockey & Hamilton, 1970; O’Malley & Poplawsky, 1971).

Notably, these are some of the key findings cited in sup-
port of the ABC theory, which inspired our experiment. 
Third, white noise had a robust effect on pupil size, the 
most commonly used peripheral index of central arousal. 
And fourth, the relationship between pupil-linked arousal 
and cognitive performance is generally nonlinear and con-
text-dependent, rather than reflecting a simple monotonic 
improvement with increasing arousal (Beerendonk et al., 
2025; de Gee et al., 2014; van den Brink et al., 2016).

Indeed, a limitation of our study is that our binary 
manipulation of arousal level did not allow us to iden-
tify a potential curvilinear relationship between arousal 
and the dominant spatial scope of attention. That is, our 
null results can in principle be explained by assuming that 
(i) the effect of arousal on the dominant spatial scope of 
attention follows an inverted U curve (cf. Bundesen et al., 
2015); and that (ii) the low-arousal and high-arousal con-
ditions in our experiment placed the participants at points 
to the left and right of the curve’s optimum that were 
associated with similar effects. Excluding this scenario 
requires a more rigorous test, involving the manipulation 
of arousal over multiple levels.

Finally, it is important to note that the present study 
examined the effects of arousal on trial-by-trial changes in 
attentional breadth. Therefore, the results do not exclude the 
possibility that arousal may affect the ability to maintain a 
particular breadth of attention over a longer period of time.
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