
Vol.:(0123456789)1 3

https://doi.org/10.3758/s13414-021-02422-x

Guiding spatial attention by multimodal reward cues

Vincent Hoofs1  · Ivan Grahek1,2  · C. Nico Boehler1  · Ruth M. Krebs1 

Accepted: 30 November 2021 
© The Psychonomic Society, Inc. 2021

Abstract
Our attention is constantly captured and guided by visual and/or auditory inputs. One key contributor to selecting relevant 
information from the environment is reward prospect. Intriguingly, while both multimodal signal processing and reward 
effects on attention have been widely studied, research on multimodal reward signals is lacking. Here, we investigated this 
using a Posner task featuring peripheral cues of different modalities (audiovisual/visual/auditory), reward prospect (reward/
no-reward), and cue-target stimulus-onset asynchronies (SOAs 100–1,300 ms). We found that audiovisual and visual reward 
cues (but not auditory ones) enhanced cue-validity effects, albeit with different time courses (Experiment 1). While the 
reward-modulated validity effect of visual cues was pronounced at short SOAs, the effect of audiovisual reward cues emerged 
at longer SOAs. Follow-up experiments exploring the effects of visual (Experiment 2) and auditory (Experiment 3) reward 
cues in isolation showed that reward modulated performance only in the visual condition. This suggests that the differential 
effect of visual and auditory reward cues in Experiment 1 is not merely a result of the mixed cue context, but confirms that 
visual reward cues have a stronger impact on attentional guidance in this paradigm. Taken together, it seems that adding an 
auditory reward cue to the inherently dominant visual one led to a shift/extension of the validity effect in time – instead of 
increasing its amplitude. While generally being in line with a multimodal cuing benefit, this specific pattern highlights that 
different reward signals are not simply combined in a linear fashion but lead to a qualitatively different process.
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Introduction

In order to optimize actions and flexibly adapt to changes 
in the environment, an organism needs to efficiently guide 
attention towards the most relevant and valuable informa-
tion (Mobbs et al., 2015). This capacity, which relates to 
extracting relevant information from increasingly com-
plex contexts, has been a topic of interest in psychological 
research for many decades (for review, see Driver, 2001). In 
well-controlled lab environments, the orienting of attention 
is often studied by embedding motivational valence infor-
mation in visual attention tasks using reward cues or reward 

block manipulations. While some of these studies explored 
general performance benefits of reward cues when discrim-
inating visual target stimuli at predicted locations (Krebs 
et al., 2012; Schevernels et al., 2014), others have specifi-
cally focused on the effects of reward on orienting (and re-
orienting) of attention using valid and invalid spatial cues

(Bucker & Theeuwes, 2014; Engelmann & Pessoa, 2007; 
Milstein & Dorris, 2007; Small et al., 2005). These latter 
studies rely on the Posner cuing paradigm, hence probing 
both the initial orienting of attention towards the prioritized 
(cued) part of the screen, re-centering, and re-orienting 
towards the opposite part if the target appears in the non-
cued location (see Posner, 1980; Wright & Ward, 2008).

For instance, Small et al. (2005) conducted a visual atten-
tion task with central spatial cues (i.e., endogenous cues) that 
could be valid, invalid, or non-directional with regard to the 
upcoming target location. The focus of the analysis is the so-
called validity effect, which reflects the relative performance 
benefit and cost associated with valid and invalid location 
cues, respectively. The task was performed under different 
reward conditions (win/loss/no-reward), manipulated in a 
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block-wise fashion. They found that reward differentially 
facilitated target detection at the locations where the events 
were expected to occur (in valid trials), while loss prospect 
differentially facilitated responses in invalid trials (albeit 
both at trend level). A similar but more nuanced pattern 
was observed in a study employing peripheral incentive cues 
(i.e., exogenous cues) in a trial-to-trial fashion (Bucker & 
Theeuwes, 2016). In this study, the specific color of one of 
two place holders (left/right) predicted win/loss/no-reward 
prospect prior to the performance of basic target discrimi-
nation. It was found that peripheral reward cues induced 
stronger validity effects compared to no-incentive and loss 
cues (see also Engelmann & Pessoa, 2007; Munneke et al., 
2015). This effect was further modulated by the cue-target 
interval in that (invalid) reward cues led to longer linger-
ing at the cued location, while loss cues promoted faster 
disengagement from the cued location (for a related block 
manipulation, see Bucker & Theeuwes, 2014). This pattern 
seems to indicate that peripheral reward cues not only lead 
to stronger attentional capture at the cued location, but also 
to temporally extended attentional orienting. It is important 
to note, however, that other related studies observed merely 
main effects of reward and validity on spatial orienting and 
no (or no robust) interactions between the two factors (see 
Baines et al., 2011; Engelmann & Pessoa, 2007). One rea-
son for this might be related to design differences in that 
the study by Engelmann and Pessoa (2007), for instance, 
displayed reward cues centrally before the actual spatial cue, 
which ameliorates a direct influence of reward on perceptual 
processing at the cued location.

While the before-mentioned studies probed perfor-
mance-contingent effects of reward on attentional orient-
ing, reward-related stimulus features have also been shown 
to guide attention in a more incidental fashion in the form 
of (involuntary) carry-over effects from trial-to-trial or more 
generally across time (see Anderson, 2016; Camara et al., 
2013; Chelazzi et al., 2013; Failing & Theeuwes, 2018; 
Hickey et al., 2010). For instance, stimulus features that 
have signaled reward in a previous trial will capture atten-
tion in the next trials even when this does not benefit the task 
goal (Hickey et al., 2010). Similarly, stimulus features that 
had signaled reward in a pre-task training phase can read-
ily capture attention in the subsequent task phase in which 
no reward is at stake (Anderson et al., 2011). The effects 
of these automatic/involuntary (rather than goal-directed/
voluntary) reward manipulations are assumed to arise from 
modulations at early perceptual processing stages (Itthip-
uripat et al., 2019). Together, the studies discussed so far 
show that visual incentive cues can modulate performance in 
visual attention tasks (both via voluntary attentional orient-
ing and involuntary attentional capture), and these manipu-
lations are particularly effective if reward signals directly 
overlap with target location.

In contrast to the above laboratory studies, real-life situ-
ations often feature multimodal information sources – and 
motivational signals are no exception. Extreme examples 
include TV commercials and slot machines, but this is also 
the case when pouring your favorite drink. Despite this, 
as mentioned above, research into the effects of reward on 
attention mostly focuses on one modality at a time, and 
mainly on the visual one. This is not only problematic with 
regard to ecological validity, but also disregards the notion 
that many spatial and temporal systems and the associated 
neural processes are multisensory in nature (Klemen & 
Chambers, 2012). As such, the present study is inspired by 
research on reward-modulated attentional guidance on the 
one hand, and the attentional consequences of multimodal 
(or multisensory) cuing on the other. The common finding 
in the multimodal cuing literature is that attentional orient-
ing can be enhanced by presenting multiple concurrent cues 
of different modalities (visual, auditory, tactile), which has 
been termed multimodal (cueing) benefit (e.g., Frassinetti 
et al., 2002; Ho et al., 2009; McDonald et al., 2000; Noes-
selt et al., 2008; Santangelo, Ho, Spence, 2008; Spence & 
Santangelo, 2009; Van der Burg et al., 2008; Vroomen & 
De Gelder, 2000). Of note, other lab studies have failed 
to find robust multimodal cueing benefits (e.g., Barrett & 
Krumbholz, 2012; Ngo & Spence, 2010; Santangelo et al., 
2006; Spence & Driver, 1999; Ward, 1994). This discrep-
ancy might be related to particular differences in task design, 
such as task difficulty, in that multimodal cueing benefits 
were found to be more pronounced under high perceptual 
load conditions (Santangelo & Spence, 2007; Santangelo, 
Ho, Spence, 2008). Moreover, it appears that a multimodal 
cuing benefit is more likely if cues are presented from the 
same spatial location (e.g., Ho et al., 2009). Despite these 
mixed results, additive effects of multimodal cues received 
a lot of attention, also from industry and policy makers to 
improve efficacy of safety signals in different domains (Haas 
& Van Erp, 2014; Oskarsson et al., 2012). With regard to 
the underlying mechanisms of the multimodal cuing ben-
efit, one crucial observation is that sound cues modulate 
the neurophysiological response of visual cortex to visual 
targets (McDonald & Ward, 2000), which is indicative of 
multisensory integration at early sensory-processing areas 
(for a review, see Driver & Noesselt, 2008). Similar multi-
modal cuing benefits have been reported for overt attention 
shifts (i.e., eye-movements) in the form of a linear integra-
tion of concurrent visual and auditory signals into a spatial 
saliency map (Quigley et al., 2007). Such linear integration 
is assumed to be supported by the superior colliculus, which 
receives both visual and auditory inputs and plays a crucial 
role in covert and overt shifts of attention (Meredith & Stein, 
1986). Before moving on to the aim of the present study, it 
is important to note that while multimodal cuing research 
is strongly overlapping with the concept of multisensory 
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integration, the latter is not the main focus of the present 
study (for a discussion of the relationship between multi-
sensory integration and multimodal cuing, see McDonald 
et al., 2001).

Circling back to the beginning, despite the common inter-
est in reward-induced performance modulations in visual 
attention tasks on the one hand, and the relevance (and effec-
tiveness) of multimodal signals in daily life on the other, 
there has been no systematic investigation of the potential 
added value of multimodal reward signals on attentional ori-
enting to date. To test this, we embedded visual, auditory, 
and audiovisual reward cues in a visual spatial attention task 
(Posner, 1980). Our main prediction was that simultaneous 
presentation of two motivationally relevant signals (i.e., 
reward prospect cues) would increase attentional guidance in 
the form of a stronger (additive) validity effect. This pattern, 
which we label as reward-modulated cuing benefit,1 would 
resonate with the linear integration hypothesis put forward 
for multimodal signals in overt attention research (Quigley 
et al., 2007). Alternatively, it is possible that the additional 
reward cue is not further enhancing attentional guidance 
(because it literally provides the same information), and that 
the most salient signal guides attention, which corresponds 
to the maximum hypothesis (see Quigley et al., 2007).

Finally, but least likely, the simultaneous presentation of 
two salient signals could diminish the validity effects due to 
an attentional bottleneck (Broadbent, 1958). These predic-
tions were tested in a multimodal cuing experiment (Experi-
ment 1), complemented by two follow-up experiments fea-
turing visual (Experiment 2) and auditory (Experiment 3) 
cues in isolation.

In keeping with previous related paradigms, we included 
a manipulation of cue-target interval, operationalized as 
stimulus-onset asynchrony (SOA2), to explore the time 
course of attentional orienting in response to the different 
cue types. The range of SOAs was fairly large (100–1,500 
ms) to accommodate paradigmatic differences between the 
different research fields. Specifically, typical Posner tasks 
with peripheral (exogenous) cues feature SOAs ranging 
from 100 to 500 ms (Wright & Ward, 2008), while studies 
exploring the effects of peripheral reward cues on attentional 

orienting have used longer SOAs ranging from about 150 
to 1,000 ms (e.g., Bucker & Theeuwes, 2016). Moreover, 
studies using central (endogenous) reward cues to predict 
the upcoming target location featured longer SOAs around 
1,500 ms (Krebs et al., 2012; Schevernels et al., 2014). 
Finally, SOAs in the multimodal cuing literature typically 
lie between

100 and 700 ms (Spence & Santangelo, 2009). While we 
did not have specific predictions for all the different combi-
nations of SOAs and other factors due to the hybrid design, 
we highlight the most relevant observations from the litera-
ture here. First, peripheral cues in the Posner task typically 
yield strong validity effects at around 100 ms after cue onset, 
which attenuate at longer SOAs (Wright & Ward, 2008). 
This effect is prolonged for reward-associated peripheral 
cues (Bucker & Theeuwes, 2016). Second, centrally pre-
sented (endogenous) reward cues lead to preparatory atten-
tion across the cue-target interval (Schevernels et al., 2014). 
Third, robust multimodal cuing benefits have been reported 
for cue-target SOAs of 230–240 ms (Ho et al., 2009; San-
tangelo & Spence, 2007).

Methods and results

Experiment 1

Methods Experiment 1

Participants All participants in this study were recruited 
through the local university online recruiting website. These 
students were between 18 and 35 years of age, right-handed, 
had normal color and audio perception, as well as normal or 
corrected-to-normal visual acuity, and no (history of) diag-
nosed mental disorders (all criteria based on the screening 
questionnaire embedded in the recruitment website). All 
three experiments were performed in the laboratory. For the 
first experiment, data were collected from 44 participants 
(31 females). The data of two participants were excluded 
due to a high number of errors (more than two standard 
deviations from the group mean, averaged across all valid 
and invalid conditions). The remaining 42 participants (30 
females) were on average 22.5 years old (SD = 3.2 years). 
In addition to a 10 € base payment or one course credit for 
the 60 min of participation, participants received an average 
bonus of 3.67 € (about 80% of 5 €, see below).

Paradigm and procedure Participants performed an adapted 
version of the Posner cueing task (Posner, 1980) in which 
they could win up to 5 € bonus money (Fig. 1). After a short 
(no-reward) practice phase (12 trials) to get familiar with the 
task, participants performed the main experiment in which 

1 While the term multimodal cuing benefit is used in the multimodal 
cuing literature, it is not optimal in the present task context, as it also 
entails performance impairment in invalidly cued trials.
2 The term stimulus onset asynchronies (SOAs) always refers to the 
interval between cue onset and target onset (cue-target interval) in the 
present study. Cues and targets were separated by 100 ms at a mini-
mum in accordance with typical Posner paradigms (for simultaneous 
cue-target presentation, see, e.g., Frassinetti et  al., 2002; Lu et  al., 
2009). Multimodal cues were always presented simultaneously. This 
is different from studies exploring the boundary conditions of multi-
sensory integration, which often feature variable SOAs between the 
multimodal signals themselves (see Diederich & Colonius, 2015).
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they could earn additional bonus money (see below). During 
the presentation of all trial elements, a white fixation cross 
and two white place holders were visible on the screen. Each 
trial started with a cue presented for 100 ms that was either 
visual (blue/pink placeholder in left or right visual field; 
RGB = 50, 138, 255/RGB = 230, 10, 200), auditory (high/
low tone in left or right ear via headphones; 2,500 Hz/1,000 
Hz; 78 db; Boersma, 2001), or audiovisual (simultaneous 
presentation of a visual and auditory cue). Visual and audi-
tory cuing procedures were conceptually similar to those 
applied by Bucker and Theeuwes (2016) and Schürmann 
et al. (2003). The location (left and right visual field/ear) 
of these cues predicted the spatial location of the upcom-
ing target in the majority of trials. This was made explicit 
to participants prior to the practice phase. In addition, one 
of the two colors and one of the two tones signaled reward 
prospect, while the respective other color and tone were not 
associated with rewards. These reward-color and reward-
tone mappings were counterbalanced across participants, 
and explicitly instructed after the practice phase. At this 
time, participants were also informed that they could win a 
maximal bonus of 5 € in the experiment and that the exact 
amount would depend on their performance. Moreover, it 
was made explicit that rewards would be exclusively earned 
in trials featuring reward cues (never after no-reward cues), 
and that the reward value per trial would be identical for the 
different cue types (visual, auditory, or audiovisual cues). 

Finally, simultaneously presented visual and auditory signals 
(multimodal) were never conflicting with regard to both the 
spatial location and the reward prospect.

After  a  var iable interval  (cue-target  SOA: 
100/500/900/1,300 ms), two circles were presented in the 
left and right visual field for 100 ms. One circle contained 
two differently sized gaps (target), while the other circle 
was intact (distractor). The target was presented in the cued 
visual field in about 80% of the trials, i.e., presentation of 
the colored placeholder and/or tone were spatially congruent 
with the target. In the remaining ~20% of trials, the target 
was presented in the uncued visual field. Note that cue valid-
ity was relatively high (80% as compared to the prototypi-
cal 50% for peripheral cues) to ensure that participants stay 
engaged in the task – as a reward cue that only predicts 
location at chance might not be considered motivationally 
relevant. Moreover, in the multimodal cuing literature it has 
been argued that chance-level validity is not compatible 
with real-life situations (Ho et al., 2009). The participants’ 
task was to quickly indicate which of the two gaps of the 
target circle (up/down) was largest by pressing one of two 
buttons on a keyboard (up/down arrow). After the response 
or once the maximum response window had elapsed, par-
ticipants were presented with a feedback screen for 500 ms. 
The next trial was presented after a variable inter-trial inter-
val between 500 and 1,000 ms. Feedback for correct and 
in-time responses consisted of a thumb-up icon just above 

Fig. 1  Schematic representation of the trials in Experiment 1. At the 
start of the trials, an audiovisual, visual, or auditory cue predicted the 
location (left/right on the screen) of the upcoming target with a valid-
ity of about 80%. In this example, cues of blue color/high tone pre-
dicted reward prospect, while cues of pink color/low tone were not 
associated with reward. Subsequent targets consisted of two circles of 

which one has two unequally sized gaps. The participants’ task was 
to identify the bigger of the two gaps (up/down) by means of button 
presses. Feedback was provided directly upon the response, signaling 
whether the response was correct and in-time (i.e., thumb-up icon), 
incorrect (i.e., thumb-down), or too late (i.e., clock). Of note, the 
words “high”/“low” and the musical notes serve for illustration only
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the fixation cross, while incorrect and too-late responses 
were followed by a thumb-down and clock, respectively. A 
simultaneously-presented euro sign or zero below fixation 
indicated whether the performance in this particular trial 
had led to a monetary bonus or not. The feedback screen 
did not contain information on the actual reward value since 
the bonus in a single trial can be perceived as fairly low and 
might reduce overall motivation (here, 5 €/576 reward trials 
≈ 0.87 cents). Instead, participants received information on 
the accumulated reward value after each block (see below). 
The feedback in a given trial was dependent on response 
accuracy but also response time (RT) in that the response 
window was dynamically adjusted on the basis of partici-
pants’ individual performance (Cornsweet, 1962). This pro-
cedure should motivate all participants to perform the task in 
a similar way and ameliorate strategic slowing (Heitz, 2014). 
Specifically, each condition’s specific response window was 
calculated as the average RT in the first set of trials of that 
specific condition, and continuously adjusted if the response 
accuracy for that condition differed from 80% (cf. Wittmann 
et al., 2005). The maximum duration of each trial’s time-
out was restricted by the maximum period of the pre-set 
response window (i.e., 1,000 ms; for similar procedures, see 
Hoofs et al., 2019). Importantly, independent of this feed-
back procedure, all responses in a pre-set response window 
between 150 and 1,000 ms after target onset were considered 
for the analyses (i.e., responses exceeding the dynamically 
adjusted time-out of a given condition and hence followed 
by too-late feedback were still analyzed if RT was within the 
1,000-ms range). After each block of 288 trials, participants 
received an overview showing the percentage of correct and 
in-time responses, and the amount of money earned so far.

Each participant performed a total of 1,152 trials, which 
were distributed over the conditions formed by combina-
tions of four experimental factors: Cue type (audiovisual/
visual/auditory), Validity (valid/invalid), Reward (reward/
no-reward), and SOA (100/500/900/1,300 ms). The valid 
conditions contained 38 trials each and invalid ones con-
sisted of ten trials. The trials were presented in four blocks 
of 288 trials that were separated by short breaks. Partici-
pants were instructed to keep their eyes on the fixation cross 
throughout the experiment. Monitoring during the practice 
phase and checks at different moments during the main 
experiment (with a webcam) showed that participants had 
no difficulties in maintaining fixation.

Data analysis Analyses were performed in JASP version 
0.9.1.0 (JASP Team, 2018). Premature responses (i.e., < 
150 ms) and responses slower than 1,000 ms (irrespective 

of the adaptive time-out) were excluded from each dataset.3 
RT (correct trials only) and error-rate data were submitted 
to repeated-measures analyses of variance (rANOVAs), with 
within-subject factors Cue type (audiovisual/visual/audi-
tory), Validity (valid/invalid), Reward (reward/no-reward), 
and SOA (100/500/900/1,300 ms). Tests with a p-value 
between .05 and .1 are consistently reported as (non-signifi-
cant) trends, and tests with a p-value above .1 are considered 
non-significant. Trend-level F-tests are reported for comple-
tion, but not followed up by post hoc tests. Greenhouse-
Geiser corrections were applied to the degrees of freedom 
and p-values in case sphericity assumptions were violated 
(i.e., significant Mauchly’s test of sphericity), and the p-val-
ues of post hoc tests were corrected for the number of pos-
sible comparisons by using Bonferroni corrections (for more 
information, see Online Supplementary Material (OSM)). 
Please note that the effect size Cohen’s d reported for the 
post hoc contrasts does not correct for multiple comparisons.

Results Experiment 1

RT data The RT data are depicted in Fig. 2. An overview of 
the RT condition means is provided in Table S1 of the OSM. 
The statistical output (including significant main effects and 
interactions as well as post hoc tests) is provided in Table S3 
(OSM). As expected, responses were faster to validly cued 
targets as compared to invalidly cued ones (Validity: F(2, 
82) = 57.83, p < .001; η2

p = .585), and largely faster at 
longer SOAs (SOA: F(2.19, 89.65) = 94.53, p < .001; η2

p = 
.697). We also observed a main effect of Cue type (F(2, 82) 
= 24.88, p < .001; η2

p = .378), with faster responses after 
audiovisual cues (t(41) = -5.38, p < .001; d = -0.830) and 
auditory cues (t(41) = -6.16, p < .001; d = -0.950) as com-
pared to visual cues, but no significant differences between 
audiovisual and auditory cues (p > .2). Importantly, these 
main effects were accompanied by several interactions. First, 
the validity effect (i.e., invalid minus valid) was amplified 
by reward as compared to no-reward trials, as indexed by 
an interaction between Reward and Validity (F(1, 41) = 
29.10, p < .001; η2

p = .415). Second, a Cue type by Validity 
interaction (F(2, 82) = 6.82, p = .002; η2

p = .143) resulted 
from a significantly larger validity effect for audiovisual 
as compared to auditory cues (t(41) = 3.57, p = .003; d = 
0.551), with no difference between visual and auditory or 
audiovisual cues (all p > .1). Third, there were two interac-
tions involving SOA (Cue type × SOA: F(6, 246) = 2.65, p 
= .017; η2

p = .061; Cue type × Reward × SOA: F(6, 246) 

3 As the percentage of trials with too-late responses is fairly low for 
each of the experiments (Experiment 1: 0.9%, Experiment 2: 1.5%; 
Experiment 3: 1.5%; calculated for the analyses-included partici-
pants), we consider the time-out of 1,000 ms as sufficiently large.
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= 2.98, p = .008; η2
p = .068). For the former, post hoc tests 

revealed that responses after visual cues were significantly 
slower compared to auditory cues at all SOAs (all p < .02), 
and significantly slower compared to audiovisual cues at 
SOAs of 100, 900, and 1,300 ms (all p < .007). The remain-
ing post hoc tests were non-significant (all p > .06). For the 
three-way interaction, only one targeted post hoc test was 
significant, reflecting a larger reward-based response facilita-
tion for visual compared to audiovisual cues at 900 ms (p = 
.008). The remaining post hoc tests within this interaction 
were non-significant (all p > .1).

Importantly, the above main effects and interactions were 
accompanied by a significant four-way interaction encom-
passing all experimental factors (Cue type × Reward × 
Validity × SOA: F(6, 246) = 2.65, p = .017; η2

p = .061; 
Fig. 2d–f). Note that the effect size is well above the critical 

effect size4 of η2
p = .050. In order to capture this complex 

interaction in a comprehensive way and in line with our 
research question, we created average double-difference 
scores representing the reward-modulated validity effect 
(Fig. 2g), and compared those statistically between Cue 
types within each SOA. These post hoc tests were cor-
rected based on the number of possible tests within each 
SOA. We found that the reward-modulated validity effect 
was significantly larger for visual cues as compared to audi-
tory ones at the shortest SOA (100 ms; t(41) = 2.60, p = 
.039; d = 0.401), with audiovisual cues in between (both p 
> .2). This pattern changed with increasing SOA, featuring 
a significantly larger reward-modulated validity effect for 

Fig. 2  Experiment 1: Response time (RT) data for audiovisual (a 
and d), visual (b and e), and auditory cue conditions (c and f). Solid 
bars/lines represent reward trials, while dashed bars/lines repre-
sent no-reward trials. In the middle graphs, the validity effect (i.e., 
invalid minus valid trials) is displayed for each individual stimulus-
onset asynchrony (SOA) (100/500/900/1,300 ms). Panel G presents 

the reward-modulated validity effect (i.e., reward minus no-reward 
validity effect) and assists interpretation of the four-way interaction 
encompassing all factors. The subtle shifts in data points along the 
x-axes are merely illustrative (to avoid overlapping error bars). Error 
bars indicate ± 1 within-subject standard error (Cousineau-Morey 
method, for more information see O’Brien & Cousineau, 2015)

4 Critical effect sizes reflect the minimal effect size required for sta-
tistical significance. These are calculated as proposed by Lakens 
(2013).
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audiovisual cues as compared to visual ones at an SOA of 
900 ms (t(41) = 2.72, p = .029; d = 0.419), with auditory 
ones in between (both p > .2). There were no further signifi-
cant post hoc tests in this targeted analysis, i.e., within the 
four-way interaction (all p > .1). The remaining main effects 
and interactions of the RT ANOVA were non-significant 
(all p > .1).

Error‑rate data The error-rate data are depicted in Fig. 3. 
The error-rate condition means and the statistical output are 
provided in Tables S2 and S4 (OSM). Participants made 
more errors in trials featuring invalid compared to valid cues 
(Validity: F(1, 41) = 12.36, p = .001; η2

p = .232). Further-
more, there was a trend-level interaction between Cue type, 
Reward, and Validity (F(2, 82) = 3.04, p = .053; η2

p = .069), 
which is reported for completion but not further explored. 
The remaining main effects and interactions (including the 
four-way interaction with all factors) were non-significant 
(all p > .1). Of note, the effect size of the interaction with all 
factors (p > .7) yielded an effect size (η2

p = .014) that was 
far below the critical value of .050.

Interim summary Experiment 1

The main results of Experiment 1 are that all cues lead to 
robust validity effects (invalid minus valid) in both RT and 
accuracy data, and that reward increased the validity effect 
in the RT data (Reward × Validity interaction). Moreover, 
visual and audiovisual reward cues differentially affected 
the validity effect in RT at different time points (as indexed 
by a four-way interaction with all factors). While the valid-
ity effect of visual reward cues was differentially increased 
at an SOA of 100 ms, the effect of multimodal reward cues 
was significantly pronounced at an SOA of 900 ms. Auditory 
reward cues did not feature a robust differential amplifica-
tion of the validity effect at any of the SOAs. This pattern 
indicates that multimodal reward cues affect attentional 
guidance in a qualitatively different manner than unimodal 
(visual) reward cues, and is generally in line with a multi-
modal cuing benefit.1 Based on the observation that visual 
and auditory reward signals seemed to affect attentional ori-
enting differently in the present paradigm, we conducted two 
follow-up experiments featuring visual and auditory cues 

Fig. 3  Experiment 1: Error-rate data for audiovisual (a and d), visual 
(b and e), and auditory cue conditions (c and f). Solid bars/lines rep-
resent reward trials, while dashed bars/lines represent no-reward tri-
als. In the bottom graphs, the validity effect (i.e., invalid minus valid 
trials) is displayed for each individual stimulus-onset asynchrony 
(SOA) (100/500/900/1,300 ms). As the four-way interaction encom-

passing all tested factors was non-significant in the error-rate data, 
there is no panel representing the reward-modulated validity effect 
(cf. response time (RT) data). The subtle shifts in data points along 
the x-axes are merely illustrative (to avoid overlapping error bars). 
Error bars indicate ± 1 within-subject standard error
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separately. Specifically, we wanted to test whether these 
differences were due to superior visuospatial specificity of 
visual (reward) cues, in line with previous cross-modal cuing 
studies (see, e.g., Schürmann et al., 2003), or whether they 
reflect a context effect in that visual information might be 
more salient and overshadow auditory signals when pre-
sented in the same experiment. The reduced design allowed 
increasing the number of SOA steps to explore attentional 
orienting based on these different reward cues with higher 
temporal resolution.

Experiment 2

Methods Experiment 2

Participants The same recruitment procedure and inclu-
sion criteria were applied as in Experiment 1. Data were 
collected from 50 students (45 females). The data of two 
participants were excluded due to a high number of errors 
(i.e., more than two standard deviations from the group 
mean). The remaining 48 participants (43 females) were on 
average 19.1 years old (SD = 2.8 years). In addition to one 
course credit, participants received an average bonus of 3.72 
€ (about 80% of 5 €).

Paradigm and procedure This experiment entailed only the 
visual cue conditions of Experiment 1, but with an extended 
set of SOAs between cue and target (100–1,500 ms) to allow 
for a more fine-grained description of the pattern, as well as 
a longer inter-trial interval (1,000–2,000 ms). The layout 
of the visual cues is described in Experiment 1. In order to 
create similar overall reward expectancy (albeit lower trial 
numbers), the bonus per reward trial was increased.

The total number of 768 trials per participant was distrib-
uted over conditions formed by combinations of the factors 
Validity (valid/invalid), Reward (reward/no-reward), and 
SOA (100/300/500/700/900/1,100/1,300/1,500). To match 
the 80:20% validity ratio of Experiment 1 with a different 
trial distribution, the valid conditions now contained 38 or 
39 trials, and the invalid conditions nine or ten trials each. 
The amounts of valid and invalid trials within each partici-
pant were kept consistent, and the particular conditions con-
taining the higher or lower number of trials per cell were 
counterbalanced across participants. The other settings and 
procedures were equivalent to Experiment 1.

Data analysis The same analysis procedures were applied 
as in Experiment 1. RT and error-rate data were submitted 
to 2 × 2 × 8 rANOVA, with within-subject factors Validity 
(valid/invalid), Reward (reward/no-reward), and SOA (100/
300/500/700/900/1,100/1,300/1,500).

Results Experiment 2

RT data The RT data are depicted in Fig. 4 (panels a and b). 
An overview of the statistical output is provided in Table S5 
(OSM). As in Experiment 1, responses were faster if the 
target location was validly cued (Validity: F(1, 47) = 51.57, 
p < .001; η2

p = .523), and faster at longer SOAs (SOA: 
F(5.16, 242.73) = 42.57, p < .001; η2

p = .475). The validity 
effect was more pronounced for reward as compared to no-
reward trials as indexed by a significant interaction between 
Reward and Validity (F(1, 47) = 8.48, p = .005; η2

p = .153; 
Fig. 4a), attesting that the difference between invalidly and 
validly cued targets was amplified in reward (t(47) = 7.83, 
p < .001; d = 1.129) compared to no-reward trials (t(47) = 
4.48, p < .001; d = 0.646). There was no higher-order inter-
action with SOA in this experiment (Reward × Validity × 
SOA: p > .1; the η2

p of .037 is below the critical effect size 
of .042). The remaining main effects and interactions were 
non-significant (all p > .1).

Error‑rate data The error-rate data are depicted in Fig. 4 
(panels c and d). An overview of the statistical output is pro-
vided in Table S6. In line with Experiment 1, we observed 
increased error-rates for invalidly compared to validly cued 
targets (Validity: F(1, 47) = 11.39, p = .001; η2

p = .195). 
The validity effect in error-rate was not significantly modu-
lated by Reward (Reward × Validity: p > .5). The remain-
ing main effects and interactions were non-significant (all p 
> .1). Of note, the effect size of the three-way interaction 
encompassing all experimental factors (p > .9), η2

p = .008, 
is substantially lower than the critical effect size of .042.

Interim summary Experiment 2

In a context with visual cues only, we found robust validity 
effects (in RT and accuracy) that were further enhanced in 
the RT data when the cue signaled reward compared to no-
reward. This is in accordance with previous studies using 
peripheral visual reward cues (Bucker & Theeuwes, 2016), 
and resonates with the effects of visual cues in Experiment 
1. In contrast to Experiment 1, the reward-modulated valid-
ity effect was not significantly pronounced at short versus 
long SOAs.

Experiment 3

Methods Experiment 3

Participants The same recruitment procedure and inclusion 
criteria were applied as in Experiments 1 and 2. Data were 
collected from 50 students (41 females). The data of four 
participants were excluded due to a high number of errors 
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(i.e., more than two standard deviations from the group 
mean). The remaining 46 participants (37 females) were on 
average 18.4 years old (SD = 0.9 years). In addition to one 
course credit, participants received an average bonus of 3.74 
€ (about 80% of 5 €).

Paradigm and procedure This experiment was equivalent to 
Experiment 2 in all regards except that it featured auditory 
cues instead of visual ones. The parameters of the auditory 
cues are described in Experiment 1.

Data analysis Identical analysis procedures were applied as 
in Experiment 2.

Results Experiment 3

RT data The RT data are depicted in Fig. 5 (panels a and b). 
An overview of the statistical output is provided in Table S7 
(OSM). As in Experiments 1 and 2, responses were faster for 
validly compared to invalidly cued targets (Validity: F(1, 45) 
= 25.29, p < .001; η2

p = .360), indicating that auditory cues 
are effective in guiding visual attention. Moreover, responses 
were faster at longer SOAs (SOA: F(4.58, 206.13) = 20.13, 
p < .001; η2

p = .309). In contrast to Experiment 2 (featuring 

visual instead of auditory cues), the validity effect was not 
significantly modulated by Reward (Reward × Validity: p > 
.5). Moreover, there was a trend-level main effect of Reward 
(F(1, 45) = 3.17, p = .082; η2

p = .066), as well as a trend-
level interaction between Validity and SOA (F(7, 315) = 
1.78, p = .090; η2

p = .038). These trends are reported for 
completion but not further explored. There was no signifi-
cant higher-order interaction in this experiment (Reward × 
Validity × SOA: p > .9; the η2

p of .006 is clearly lower than 
the critical effect size of .043). The remaining main effects 
and interactions were non-significant (all p > .2).

Error‑rate data The error-rate data are depicted in Fig. 5 
(panels c and d). An overview of the statistical output is 
provided in Table S8 (OSM). Again, participants commit-
ted more errors when responding to invalidly compared to 
validly cued targets (Validity: F(1, 45) = 6.95, p = .011; η2

p 
= .134), once more confirming that auditory cues can guide 
visual attention. In line with the RT data of this experiment, 
the validity effect in error-rate was not significantly modu-
lated by Reward (Reward × Validity: p > .7). The remain-
ing main effects and interactions were non-significant (all p 
> .1). As in the RT data, the interaction between Reward, 

Fig. 4  Experiment 2: Response time (RT) (a and b) and error-rate 
(c and d) data for different cue conditions. Solid bars/lines represent 
reward trials, while dashed bars/lines represent no-reward trials. In 
the right graphs, the validity effect (i.e., invalid minus valid trials) is 

displayed for each individual stimulus-onset asynchrony (SOA) (10
0/300/500/700/900/1,100/1,300/1,500 ms). The subtle shifts in data 
points along the x-axes are merely illustrative (to avoid overlapping 
error bars). Error bars indicate ± 1 within-subject standard error
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Validity, and SOA was non-significant (p > .9; the η2
p of 

.003 is clearly below the critical effect size of .043).

Interim summary Experiment 3

In a task with auditory cues alone, we found robust valid-
ity effects (RT and accuracy), which were, however, not 
further modulated by reward (in contrast to Experiment 2). 
Moreover, contrary to Experiment 1, which featured a sig-
nificantly pronounced validity effect at 500 ms for auditory 
cues, this interaction (Validity × SOA) was only trending 
here, with a numerical increase of the validity effect with 
longer SOAs. For completion, the main effect of reward was 
also only trending in this experiment. Together, in a context 
with auditory cues only, the prospect of reward did not have 
a significant effect on performance, neither generally nor on 
the validity effect in particular.

General discussion

Results summary

Inspired by the rich literature on reward-based enhancement 
of attention on the one hand and multimodal cuing studies 

on the other, we aimed to investigate how simultaneously 
presented visual and auditory reward signals would guide 
attention. To this end, we employed unimodal visual and 
auditory as well as multimodal audiovisual cues in a Posner 
task (Experiment 1). In addition to indicating the spatial 
location of the upcoming target (with a probability of 80%), 
these cues signaled the prospect of reward on a given trial. 
Overall, across cue types (audiovisual, visual, and auditory) 
and SOAs, we found robust validity effects (invalid minus 
valid) in both RT (Fig. 2a–c) and accuracy (Fig. 3a–c) meas-
ures, as well as an amplification of the validity effect by 
reward prospect in RT. While this reward-modulated validity 
effect seemed numerically larger for visual and audiovisual 
cues as compared to auditory ones (Fig. 2d–f), there was no 
statistical support for this notion. Intriguingly, however, we 
found differences between the impact of visual, auditory, and 
audiovisual reward cues on attentional guidance depending 
on the length of the cue-target interval (i.e., SOA), as signi-
fied by a four-way interaction between all factors (Fig. 2g). 
While the effect of visual reward cues on response speed 
was differentially larger at short SOAs (in particular at 100 
ms), the effect of audiovisual cues emerged at longer SOAs 
(in particular at 900 ms). Notably, auditory reward cues did 
not differentially increase the validity effect at any SOA. To 

Fig. 5  Experiment 3: Response times (RTs) (a and b) and error-rate 
(c and d) data for different cue conditions. Solid bars/lines represent 
reward trials, while dashed bars/lines represent no-reward trials. In 
the right graphs, the validity effect (i.e., invalid minus valid trials) is 

displayed for each individual stimulus-onset asynchrony (SOA) (10
0/300/500/700/900/1,100/1,300/1,500 ms). The subtle shifts in data 
points along the x-axes are merely illustrative (to avoid overlapping 
error bars). Error bars indicate ± 1 within-subject standard error
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further explore the differential effects of visual and auditory 
reward cues, and hence their contribution to the multimodal 
effect in the main experiment, we conducted two follow-up 
experiments featuring unimodal visual and auditory (reward) 
cues in isolation (Experiments 2 and 3). These experiments 
revealed that both visual and auditory cues were effective 
in guiding visual attention, as indexed by validity effects in 
RT and accuracy data, but only the visual experiment fea-
tured an additional modulation of the RT validity effect by 
reward. In contrast to Experiment 1, the reward-modulated 
validity effect was not significantly influenced by SOA in 
the follow-up experiments. Finally, there was a tendency 
for faster responses in reward trials across conditions in the 
auditory experiment; however, the effect was only trending. 
In what follows, we discuss the observations of the multi-
modal experiment, as well as the unimodal results, followed 
by a general conclusion section.

The effect of multimodal reward cues (Experiment 1)

To investigate the effect of simultaneously presented visual 
and auditory reward cues on visual attention, we combined 
elements from two separate research lines, i.e., one studying 
reward effects on visual attention (e.g., Bucker & Theeu-
wes, 2016; Engelmann & Pessoa, 2007; Krebs et al., 2012; 
Small et al., 2005) and one focusing on attentional guidance 
by multimodal signals (e.g., Barrett & Krumbholz, 2012; 
Frassinetti et al., 2002; Spence & Driver, 1999). Globally, 
our observations are well in line with previous literature in 
both research areas. First, previous research has shown that 
cues signaling the prospect of reward affect performance 
in visual attention tasks, including improved visual dis-
crimination at validly cued target locations (e.g., Bucker & 
Theeuwes, 2014, 2016; Engelmann & Pessoa, 2007; Krebs 
et al., 2012; Munneke et al., 2015; Schevernels et al., 2014; 
Small et al., 2005), but also performance costs at invalidly 
cued locations based on enhanced attentional capture (e.g., 
Bucker & Theeuwes, 2014, 2016; Munneke et al., 2015). 
This latter observation is also in line with more incidental 
(i.e., non-strategic) effects of reward-related stimulus fea-
tures, which can capture attention if they are presented as 
distractors in a reward task (e.g., Hickey et al., 2010; Itthipu-
ripat et al., 2019), a non-rewarded test phase (e.g., Anderson, 
2013; Anderson et al., 2011; Watson et al., 2019), or in both 
the reward and non-rewarded phase of the same experiment 
(see Watson et al., 2020).

Second, in the multimodal cuing literature it has been 
demonstrated that presenting two simultaneous signals 
from different modalities can enhance attentional orienting 
(McDonald et al., 2000; McDonald & Ward, 2000; Santan-
gelo, Ho, & Spence, 2008a). While multimodal reward cues 
did not increase the validity effect in magnitude, they fea-
tured a different temporal profile as compared to unimodal 

reward cues (Fig. 2g). Specifically, the differential validity 
effect of audiovisual reward cues emerged later in the cue-
target interval (and hence seemed more extended), which 
was in contrast to an early validity effect of visual reward 
cues. Considering the predictions regarding the joint effect 
of multiple reward signals on attentional guidance, our 
results are neither entirely in line with an additive effect 
(linear integration hypothesis), nor entirely in line with the 
saliency notion (maximum hypothesis), but are indicative 
of a qualitative change of attentional guidance. We further 
discuss the nature and implications of the observed effects 
in the Conclusions section, after considering the results of 
the unimodal experiments.

Two additional observations seem relevant for the 
interpretation of the data. First, visual cues slowed down 
responses as compared to both auditory and audiovisual 
cues, which may be the result of impaired disengagement 
from the cued location (Watson et al., 2020) and/or stronger 
inhibition of return (Bucker & Theeuwes, 2014). Interest-
ingly, this was less pronounced if an additional auditory 
signal was present (multimodal condition). Second, judging 
from the means of the validity effect over time (Fig. 2d–f), it 
seems that the reward-related validity effect increases again 
at 1,300 ms in both the visual and auditory condition. This 
effect (which is part of the four-way interaction) resonates 
with a more strategic (or endogenous) form of attentional 
orienting at longer SOAs (Godijn & Theeuwes, 2002). Such 
strategic orienting might be especially pronounced in the 
present paradigm because rewards are at stake and because 
cue predictability is relatively high (80%).

The effect of unimodal visual and auditory reward cues 
(Experiments 2 and 3)

In order to better understand the differential effects of visual 
and auditory reward signals in Experiment 1, and in particu-
lar with regard to their contribution to the multimodal effect, 
we now discuss the unimodal experiments (Experiments 
2 and 3). We found that both visual (Fig. 4) and auditory 
(Fig. 5) cues modulated attentional orienting as indexed by 
robust validity effects in RT and accuracy data. This repli-
cates previous work using intra-modal (same-modality) and 
cross-modal (different-modality) cues (Newport & How-
arth, 2009; Schmitt et al., 2000; Spence & Driver, 1997). 
However, other studies in the field have found an advan-
tage of visual over auditory cues for discriminating visual 
targets (Schürmann et al., 2003; Ward, 1994), which has 
been attributed to a benefit at the sensory processing level. 
Interestingly, one study found that attentional guidance is 
comparable for visual and auditory cues when presented in 
close temporal proximity to the target (Störmer et al., 2019).

With regard to the impact of reward prospect, the 
results differed between Experiments 2 and 3. In the visual 
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experiment, we found that the validity effect was enhanced 
by reward, replicating previous work (see Bucker & Theeu-
wes, 2016; Munneke et al., 2015) employing visual reward 
cues in a Posner task (but see Baines et al., 2011, for a 
study that merely found independent reward and validity 
effects). In contrast to this, the auditory experiment did not 
feature robust effects of reward prospect, neither in terms of 
the validity effect, nor globally (the main effect of reward 
was only trending). This difference may be attributed to a 
putative perceptual processing benefit of visual cues (e.g., 
Ward, 1994), which is additionally modulated by reward 
(e.g., Anderson, 2013; Hickey et  al., 2010; Itthipuripat 
et al., 2019). This is also in line with the notion of a spa-
tial saliency map (Itti & Koch, 2000; Itti & Koch, 2001), 
here modulated by reward information, which can in turn 
improve target discrimination at the respective location. 
Together, we suggest that the differential effect of visual 
reward cues in our experiment arises through the combina-
tion of this assumed sensory processing benefit of visual 
over auditory cues and reward-induced changes in the spatial 
saliency map. In other words, the salient reward informa-
tion increases the sensory processing benefit of visual cues 
– which might not surface in all the before-mentioned stud-
ies due to paradigmatic differences and/or statistical power.

Intriguingly, the visual experiment did not replicate the 
modulations based on SOA that we observed in Experi-
ment 1 (i.e., pronounced reward-modulated validity effect 
at the shortest SOA). The absence of this interaction with 
SOA may be due to the distribution of SOAs in that a higher 
number of intervals reduce temporal predictability of the 
upcoming target and in turn modulate strategic effects in 
attentional orienting (Nobre & van Ede, 2018). This null 
finding could also reflect a failure of replication (Maxwell 
et al., 2015), potentially related to low trial numbers in the 
individual cells of the higher-order interactions. This being 
said, the fact that the interaction between Validity, Reward, 
and SOA in the visual condition of Experiment 1 replicated 
an earlier study that featured only two SOA steps (Bucker & 
Theeuwes, 2016), suggests that temporal predictability plays 
a critical role here. That said, there is at least a numerical 
indication that strategic attentional orienting at the longest 
SOAs is modulated by reward (Fig. 4b), similar to the pat-
tern in Experiment 1, but the interaction between Reward, 
Validity, and SOA was not significant.

This is, to the best of our knowledge, the first direct 
comparison between visual and auditory reward cues in an 
attentional-orienting paradigm. An interesting follow-up 
route would be to match the settings between auditory and 
visual cues even more. For instance, by presenting auditory 
signals via loudspeakers to the left and right of the screen 
(instead of headphones), they might be perceived as more 
spatially overlapping with the subsequently presented visual 
targets (for such a cuing procedure see, e.g., Talsma et al., 

2009). Finally, it is also possible that participants can more 
easily associate reward information with a certain modal-
ity in the first place (here, visual). While the absence of a 
robust reward main effect in the unimodal auditory experi-
ment seems to support this notion, more data are needed 
to confirm this idea in that reward is directly bound to a 
spatial location in the present paradigm, leading to complex 
interactions between spatial attentional orienting and reward 
processing.

Together, with respect to the unimodal cue conditions 
of Experiment 1, the two follow-up experiments confirmed 
that visual reward cues have a larger impact in guiding atten-
tional orienting towards visual targets, and that this differ-
ence is not merely due to the multimodal cueing context in 
Experiment 1 (in the sense that visual reward cues would 
overshadow auditory ones only if they are presented in the 
same task).

Conclusions

Returning to the main research question, i.e., the effect of 
multimodal reward cues on visual attention, it seems that the 
combination of visual and auditory reward cues leads to a 
qualitatively different process of attentional orienting, which 
is not simply the sum of the respective unimodal cuing 
effects. While auditory reward cues did not facilitate atten-
tional guidance in a robust manner, they seemed to modulate 
the effect of visual reward cues. Importantly, the multimodal 
reward effect is not (significantly) larger than the unimodal 
visual one, but features a different temporal profile. Specifi-
cally, it seems that the initial orienting triggered by visual 
reward cues, likely reflecting saliency-based (bottom-up) 
capture, is replaced by a later (or more sustained) effect 
when an additional auditory reward signal is presented (see 
Fig. 2g). This pattern could be globally interpreted as a mul-
timodal cuing benefit5 (e.g., Frassinetti et al., 2002; Noesselt 
et al., 2008; Santangelo, Ho, Spence, 2008). That said, the 
specific modulation (i.e., the shift/extension of the validity 
effect in time) is likely generated by the nature of the current 
paradigm. First, as evidenced by the unimodal cuing condi-
tions and related literature, visual and auditory signals have 
a differential impact on attentional orienting in a visual task. 
The higher spatial specificity of visual (reward) cues leads 
to stronger attentional capture, which is most pronounced 
at short SOAs (Bucker & Theeuwes, 2016). Second, recent 
work has shown that reward information not only captures 
attention more readily, but hinders disengagement away from 
the cued location if presented in close temporal proximity 

5 While the term multimodal cuing benefit is used in the multimodal 
cuing literature, it is not optimal in the present task context, as it also 
entails performance impairment in invalidly cued trials.
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to the target (Watson et al., 2020). Third, the more strategic 
(endogenous) orienting of attention that typically emerges 
only at longer SOAs (Born et al., 2011) is likely compara-
ble between visual and auditory (reward) cues, as this does 
not rely on attentional capture at a specific spatial location. 
Considering these observations and the differential temporal 
profiles of the reward-modulated validity effect in Fig. 2g, 
it might be that the additional auditory signal reduces the 
initial bottom-up capture by visual reward cues (and also 
the lingering at the cued location), and instead amplifies 
the more strategic component of attentional orienting. A 
potential reason why this is not happening at short cue-target 
SOAs could be a processing bottleneck (Broadbent, 1958) 
when presenting two salient signals simultaneously.

In this context, it is important to consider that the current 
paradigm likely emphasizes strategic effects at longer SOAs 
as compared to a typical Posner paradigm with peripheral 
cues. Specifically, the cue validity of 80% as well as the 
prospect of reward in half of the trials renders the cues more 
relevant and might promote strategic orienting to the cued 
location even after re-centering of attention. All of this being 
said, while increased cue relevance will likely promote stra-
tegic processes at longer SOAs, this will be the case for all 
conditions, and, most importantly, this is unlikely to affect 
the initial orienting process. A recent electro-encephalogra-
phy study directly compared the effects of peripheral (exog-
enous) auditory cues with 50% versus 80% validity, as well 
as central (endogenous) ones on attentional orienting (Keefe 
& Störmer, 2021). First, all task versions yielded compa-
rable validity effects on the behavioral level, and second, 
neural signatures of attentional orienting were similar for 
both peripheral cuing versions (50% and 80%), but different 
from the central cuing version, in that they emerged earlier 
in time. Moreover, previous work using visual reward cues 
with 50% validity reported fairly similar results to the pre-
sent study, including comparable condition means (Bucker 
& Theeuwes, 2016).

Finally, we emphasize that the differential effect of mul-
timodal reward cues is only observed when considering the 
SOA factor (in that instead of the hypothesized three-way 
interaction between Reward, Validity, and Cue type, we 
found a four-way interaction with SOA). This is not to say 
that there is no difference in the reward-modulated valid-
ity effect between cue types, but that the cue-target interval 
modulates the relationship between the other factors. This 
finding, together with the discrepancy in SOA effects in the 
visual condition of Experiments 1 and 2, calls for future 
investigations into the role of the cue-target interval. For 
instance, it would be valuable to replicate the current study 
using only two SOAs (short vs. long), which might empha-
size differences between conditions even more due to the 
increased temporal predictability of the target onset.

The present results are not only informative from an 
experimental research perspective, but are also relevant for 
real life. While daily-life situations in which motivationally 
relevant information is limited to one modality are rare, 
research on reward effects on attentional orienting almost 
exclusively feature unimodal cues. Hence, exploring the 
effects of multimodal reward signals is highly relevant for 
industry and policy makers. Previous research has provided 
evidence that multimodal warning signals are more effec-
tive than unimodal ones (Haas & Van Erp, 2014; Oskarsson 
et al., 2012), especially if the signals were inherently linked 
to the warning situation (Graham, 1999) and mildly negative 
(Bellettiere et al., 2014). However, as negative warnings can 
be perceived as being too aversive, they might be counter-
productive in that they cause disengagement and frustration 
(Bellettiere et al., 2014). Therefore, the use of positive sig-
nals opens up a new and interesting avenue for creation of 
safety signals. And in addition, studying and using positive 
multimodal signals seems consistent with the general con-
temporary notion that positive motivation is the more prom-
ising approach to change individuals’ behavior in the long 
term (Armellino et al., 2012, 2013). That said, the opposite 
side of the coin is that these signals can be used to facilitate 
maladaptive behavior as well. Examples include TV com-
mercials that make use of audiovisual signals to promote 
unhealthy food and drinks, but also the set-up of gambling 
facilities and video games, all of which can promote addic-
tive behaviors.

To conclude, we found that audiovisual reward cues 
changed the time course of attentional orienting towards 
visual targets, especially as compared to unimodal visual 
reward cues. Instead of displaying a larger amplitude, the 
validity effect was shifted/extended in time when adding an 
auditory reward cue to the inherently dominant visual one. 
While being in line with a multimodal cuing benefit, this 
specific pattern highlights that two unimodal reward sig-
nals are not simply combined in a linear fashion but lead 
to a qualitatively different process. The differential tem-
poral profiles seem to suggest that the additional auditory 
signal might reduce the strong attentional capture of visual 
cues and instead emphasizes more strategic orienting to the 
cued location. This interpretation is tentative and should be 
refined in future research.
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