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Chapter 1

General Introduction

1.1 Visual working memory

1.1.1 The role of visual working memory

Every awake wide-eyed second of our lives, a myriad of visual inputs
enters our eyes and is transmitted to our brain. In concert with selective
attention, visual working memory is one of the mechanism used to make
sense of this constantly changing flow of information (Aagten-Murphy &
Bays, 2018; Schneider, 2013; Tsubomi et al., 2013). This system is
severely limited in its capacity (Awh et al., 2007; Cowan, 2001; Luck &
Vogel, 2013), and is considered to be the major bottleneck of visual
processing. Thus, at each instant we perceive only a fraction of the
available information (Rensink, 2004; Simons & Levin, 1997; Simons &
Rensink, 2005). While intuition might lead us to believe that visual
working memory is simply a storage unit used only for recollection
(effectively reducing it to visual short-term memory), it is effectively a
hub where maintenance and manipulation of visual information occurs
on the short-term (Baddeley, 2003; Ma et al., 2014), to then proceed to
long-term memory or to be used on-the-fly to guide our behavior (Cisek
& Kalaska, 2010; Desimone & Duncan, 1995; Forsberg et al., 2021; Olivers
et al., 2011; Rösner et al., 2022; Schurgin, 2018; van Ede & Nobre, 2023).
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Therefore, content entering visual working memory must be encoded
very fast, but remain flexible and adaptable to changes in the visual
environment. These representations must also stay accessible for
potential use by other relevant processes. One concrete example of visual
working memory’s usefulness is how it seamlessly bridges perceptual
and temporal gaps evoked by ocular movements. If we experience vision
as a continuous percept (as opposed to a discretized one), that is owing to
visual working memory temporarily maintaining information that the
eyes have shifted away from (and is thus not perceptually available) so
that we can access it and easily attend to it again (Franconeri et al., 2013;
Hollingworth et al., 2008).

1.1.2 The nature of visual working memory

The nature of the storage unit of visual working memory has been (and
still is) a very lively scientific debate for nearly three decades. Early
theories speculated that working memory stores information in “slots”
or discrete units (Cowan, 2001; Luck & Vogel, 1997, 2013; Zhang & Luck,
2008), that is objects are encoded in an all-or-nothing fashion. If an
object enters visual working memory, all its features are stored within
one slot. A seminal study supporting this theory was conducted by Luck
& Vogel (1997), where they found that participants could only recall
approximately four colors or four orientations at one time, but that it was
also possible to retain both the color and orientation of four objects.
Therefore, integrated objects (that is, with their features bound
together) seemed to be stored rather than the individual sum of their
features. These integrated objects would then each occupy one slot in
visual working memory. While still relevant to the current debate, this
conception of visual working memory is regularly challenged (Ma et al.,
2014; Schurgin et al., 2020; Williams et al., 2022).

Historically, the task used to quantify memory capacity was the
change detection task (Luck & Vogel, 1997; Pashler, 1988, see Figure 1,
top). In this task, a memory display composed of two to eight targets
(e.g., colored squares) was presented for a short duration. Then after a
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Figure 1: The typical visual working memory tasks.

Encode Maintain

Compare

Reproduce

Continuous 
report

Change 
detection

Note. Two types of visual working memory tasks. In the change detection task (top),participants must remember the “encode” display, which then disappears during the“maintain” phase. Then at the “compare” display onset, they must decide whether onetarget has changed color (here: yes). The continuous report task (bottom) starts as thechange detection task, however, when the “reproduce” display appears, participantsmust choose the target’s color (here: green) on the colorwheel.
short delay without the targets, the targets reappeared but one of the
targets might have changed compared to the previous display (e.g., a
previously blue square becoming red in the second display). Participants
then had to make a binary decision whether one target had changed or
not.

In 2004, Wilken and Ma introduced a new task: the continuous report
(or continuous recall) task (Figure 1, bottom). This task starts as the
change detection task, with a few targets presented to the participant.
However, at the recall stage, instead of deciding whether one target had
changed, participants had to reproduce the feature of the target (e.g., by
selecting the color of the target by clicking on a colorwheel). This new
task allowed for a much more fine-grained measure of visual working
memory content (much closer to a continuous measure, hence the name
of the task). With the emergence of this new task it became possible and
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easy (that is, with less need to rely on model parameter estimates) to
measure not only the memory capacity, but also its precision.

Shortly after this task emerged, another popular framework for
conceptualizing visual working memory was developed: the continuous
resource theory (Bays et al., 2009; Bays et al., 2011; Ma et al., 2014;
van den Berg et al., 2012). In this model, visual working memory is not
composed of discrete slots anymore, but of a continuous limited resource.
Within this framework, it becomes theoretically possible to store a lot of
items with a very poor resolution, or to have one item stored so precisely
that it hogs all the resource. Moreover, given the flexible nature of visual
working memory, it is also possible to internally reduce the precision of
one (or more) item after encoding to enhance performance for other
more relevant items (e.g., because of a retro-cue; see Bays et al., 2011).

All these debates and models are concerned with the nature of visual
working memory after successful encoding but not necessarily with the
reason objects enter or do not enter visual working memory. Moreover,
information overload is surely not the only reason visual working memory
sometimes fails. It may be that some information is never even selected to
enter visual working memory. Therefore, understanding these reasons is
necessary to fully characterize visual working memory.

1.2 Visual attention and visual working memory

1.2.1 Visual working memory and visual attention are co-dependent

An intuitive (and productive) approach to understand factors influencing
visual working memory is to relate it to visual attention (Awh & Jonides,
2001; Gazzaley & Nobre, 2012; Oberauer, 2019). Visual attention relies on
visual working memory probably as much as visual working memory
relies on visual attention. When shifting your attention to visually
explore a scene, it seems reasonable to think that you want to process the
objects you are attending. Ergo the attentional selection of information is
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not a purpose in itself.
For instance, when biking through the city, you do not simply move

your gaze to the “stop” sign or to the pedestrian that might or might not
cross the street, but you also process these. After processing it once, you
probably do not need to re-attend to the “stop” sign, given its immobile
nature, but you rather want to attend again to the pedestrian who might
at some point finally decide to cross the street. Thus, keeping track of
items you have attended and their nature is behaviorally relevant. As
exposed above, both these processing and short-term storage roles are
the purview of visual working memory. Thus, looking at which factors
impact visual attention (and visual search) performance is a reasonable
way to find new determinants of visual working memory performance.
Moreover, these two processes rely partly on the same frontal and
parietal neuronal pathways (Awh & Jonides, 2001; Awh et al., 1999; LaBar
et al., 1999).

1.2.2 Priority maps

Visual search research often considers that bottom-up influences
emerging from the stimuli (i.e., the visual input), and top-down
influences originating from the observer (e.g., task goals) are combined
into a priority map in order to guide attention to the relevant objects
(Bundesen et al., 2005, 2011; Duncan & Humphreys, 1989; Fecteau &
Munoz, 2006; Li, 2002; H. R. Liesefeld & Müller, 2021; H. R. Liesefeld
et al., 2016; Sauter et al., 2018; Wolfe, 1994, 2007, 2021; Zelinsky & Bisley,
2015). It seems also reasonable to conceptualize the priority map as a
filter, a selection bottleneck, which weeds out most visual “noise” so
that the information that reaches further processing centers is relevant
(or at least likely to be relevant) and worthy of the limited visual working
memory resource allocation (regardless of this resource’s nature).

The priority map can also include other components, some of which
are not easily categorized as part of the top-down/bottom-up dichotomy.
Notably, scene grammar (Boettcher et al., 2018; Draschkow & Võ, 2017),
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prior history (Awh et al., 2012) and reward (Anderson et al., 2011) have
been proposed to contribute to the construction of the priority map.
Recently, this framework, which is typically employed to understand
selective attention, has been applied to visual working memory research
to explain performance variations (H. R. Liesefeld et al., 2020; Lorenc
et al., 2021; Zelinsky & Bisley, 2015).

1.3 Known influences

Given its capacity limitation much of the research has focused on finding
determinants explaining variations in visual working memory
performance. This is indeed crucial to help us understand what enters
and what stays in this restricted hub that is visual working memory.

The number of objects that need to be stored (set size) is probably the
most obvious influence on visual working memory performance, and it
is also one the most studied and modeled. One of the first experiments to
demonstrate the limited capacity of visual working memory did so by
manipulating set size (Luck & Vogel, 1997). Other influences excluded,
performance in the change-detection task stays relatively stable until set
size reaches around three or four objects. Beyond this limit,
change-detection performance usually drops close to random for the
additional items. It should however be noted, that set size is generally
detrimental only when we increase the total number of targets and not
simply the number of items in the memory display. That is, placing
many irrelevant gray squares does not hinder visual working memory
performance if the task is to remember vividly colored squares. As in
visual search, some non-targets can easily be filtered out and these
might even help to improve performance if they can form a
“background” from which the targets pop-out (see Chapter 2.2 of the
present dissertation Constant and Liesefeld, 2021).

Though not commonly conceptualized as either top-down or
bottom-up, set size is probably closer to a bottom-up effect (that is,
emanating from the memory display and its configuration, rather than
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the observer’s task goals). Some other bottom-up components, such as
target complexity also influence memory performance (Alvarez &
Cavanagh, 2004). The more complex the targets, the fewer of them can
be remembered (see Ngiam et al., 2019 for a counter-argument). The
effect of target complexity can be related to that of set size, in the sense
that when people need to encode more features about the object, this
increases their memory load (depending on the framework, the object
might need to occupy more than one slot, or requires more of the
continuous but limited memory resource). However, with large set sizes,
target similarity can be used as a way to improve performance through
the creation of interitem representations that can be converted to a
unitary representation of several items (Bae et al., 2014; Brady & Alvarez,
2015; H. R. Liesefeld & Müller, 2019; H. R. Liesefeld et al., 2019). For
instance, two squares that are close in space and in color might be
grouped together to ease processing. The relational structure between
these items is also usually preserved (e.g., which square was “greener”
than the other).

Top-down factors are also among the often investigated predictors of
visual working memory performance (Bays et al., 2011; Bundesen et al.,
2011; Dube et al., 2017; Emrich et al., 2017; Gazzaley & Nobre, 2012; Griffin
& Nobre, 2003; A. M. Liesefeld et al., 2014; Sauseng et al., 2009; Vogel
et al., 2005). For instance, the relevant object can be probed with an
informative cue (that is, it indicates the target on e.g., 75% of the trials,
and a non-target on the remaining 25%) that can be located before,
during or after the memory display (Yoo et al., 2018). The performance
for the cued target increases proportionally with the cue’s
informativeness (i.e., a 90% valid cue will have more impact than a 55%
valid one), while the performance for the non-cued targets suffers.
Another way to increase relevance is to present different colored shapes
but to ask participant to remember the color of only one kind of shape or
increase the value of a particular shape (Dube et al., 2017; Klink et al.,
2017). If the shapes are dissimilar enough, participants will successfully
ignore most non-relevant objects (i.e., distractors) thus allowing only
the relevant items to be processed in visual working memory.
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1.4 Overlooked influences

There are still a lot of factors for which the impact has only been
hypothesized or informally observed but was not investigated in detail.
Internal factors, which are harder to quantify, such as emotions are
among these overlooked factors that might influence visual working
memory performance. Two studies have for instance shown that
externally induced negative emotions can enhance visual working
memory performance (Spachtholz et al., 2014; Xie & Zhang, 2016)
though this has recently been challenged (Souza et al., 2021). However,
whether emotions induced by the task itself can influence visual working
memory performance was, to my knowledge, only speculated but not
rigorously examined (Luck, 2014; Rouder et al., 2008). For this reason,
we collaborated with researchers from the Educational Psychology
department of the LMU München to investigate the association between
emotions induced by a visual working memory task and
task-performance (Chapter 2.1).

A second factor which had, surprisingly, been overlooked is (visual)
salience. Salience is the cornerstone of the bottom-up components of the
priority map. Something is deemed salient when it pops out from its
surroundings. Many features can elicit this standing out effect, such as,
for instance, a difference in orientation, color, size, movement or flicker
(and flicker frequency) between the salient stimulus and its
surroundings. In natural scenes, we often make the experience of
salience with colors, the natural world being mostly green and blue,
reddish colors are particularly salient in many cases. Thus,
manufactured objects which must be noticed are often designed with
these colors, some examples are “stop” signs, buoys or airplane “black
boxes” (which are actually orange). In the laboratory setting, it’s been
shown that salient stimuli often attract attention automatically, and that
ignoring or overriding this attraction is effortful or requires specific
conditions (Theeuwes, 1991, 2004, 2018). Accordingly, it feels very
intuitive and at the same time almost trivial to wonder whether salience
does have an impact on visual working memory performance. Yet this
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was vastly overlooked in past research and we filled this gap by
designing a new visual working memory task (Chapter 2.2).

Finally, building on the inference that priority maps are an intuitive
and efficient way to predict visual working memory performance,
top-down factors that are part of the priority map should also influence
visual working memory. Even further, the relative weight of these factors
compared to bottom-up factors is uncharted territory. In Chapter 2.3, we
mixed top-down factors (goal-driven and experience-driven) with the
task designed in Chapter 2.2 to diagnose their contribution and relative
importance compared to the bottom-up salience effects on visual
working memory performance.
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Chapter 2

Cumulative thesis

The following section contains three original studies: Two peer-reviewed
studies, published in high-impact journals (Chapter 2.1 and 2.2) and one
preprinted manuscript (Chapter 2.3).
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2.1 Unintended emotions in the laboratory: Emotions
incidentally induced by a standard visual working
memory task relate to task performance

The corresponding manuscript was published in Journal of Experimental
Psychology: General:

Copyright © 2022 by American Psychological Association. Adapted
with permission. Laybourn, S., Frenzel, A. C., Constant, M., & Liesefeld,
H. R. (2022). Unintended emotions in the laboratory: Emotions
incidentally induced by a standard visual working memory task relate to
task performance. Journal of Experimental Psychology: General. 151(7),
1591–1605. https://doi.org/hh3g

For copyrights reasons, the present version is the accepted manuscript
(i.e., post-print), formatted by me.

For this publication, I was involved in the following:
• Methodology
• Programming the experiments
• Data collection
• Data analysis
• Data curation
• Review and editing of the manuscript
• Formatting

12
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https://doi.org/10.1037/xge0001147

Unintended Emotions in the Laboratory: Emotions Incidentally Induced
by a Standard Visual Working Memory Task Relate to Task Performance

Sara Laybourn1, Anne C. Frenzel1, Martin Constant1,2, and Heinrich R. Liesefeld1

1Department Psychologie, Ludwig-Maximilians-Universität, München, Germany
2Graduate School of Systemic Neurosciences, Ludwig-Maximilians-Universität, München, Germany

© American Psychological Association, 2022. This paper is not the copy of record and may not exactly replicate the 
authoritative document published in the APA journal. The final article is available at: https://doi.org/10.1037/xge0001147

Abstract
The ability to temporarily hold information in visual working memory (VWM) is among the
most crucial and most extensively examined human cognitive functions. Here, we empirically
confirm previous speculations (1) that a standard VWM task arouses emotions in participants
and (2) that these task-induced emotions are related to VWM performance. In a first qualitative
study (N = 19), by adapting a qualitative method of inquiry, the think-aloud technique, we
found that the task induced different positive and negative emotions, such as joy and anger,
which varied on the inter- as well as on the intra-individual level. The emotional experiences
seemed to be tied to the implicit achievement requirement of the VWM task (getting it right vs.
wrong). Encouraged by these findings, two quantitative studies (N = 45, and N = 44, respec-
tively) revealed that VWM performance was positively linked to joy and pride, and negatively
linked to anger, frustration and boredom on the inter- and on the intra-individual level. Notably,
these emotions were also affected by an experimental manipulation of task difficulty (set-size
4 vs. 8). Further, the findings from Study 3 were replicated in a fourth high-powered online
study (N = 110). This research is the first to demonstrate that a task designed to measure
VWM in itself triggers emotions, specifically achievement emotions, which, in turn, are linked
with VWM performance. Our findings suggest that these task-induced emotions should be
considered as potential confounding variables in future research on VWM and in cognitive
research in general.

Keywords: visual working memory, achievement emotions, task-induced emotions

Visual working memory (VWM), which can be defined
as “the active maintenance of visual information to serve the
needs of ongoing tasks” (Luck & Vogel, 2013, p. 392), is
crucial in everyday life (Alloway & Alloway, 2010; Conway
et al., 2003; Fukuda et al., 2010). Researchers have devel-
oped computer-based VWM tasks, such as the change detec-
tion task (Luck & Vogel, 1997; Pashler, 1988) or the contin-
uous color-report task (Wilken & Ma, 2004; Zhang & Luck,
2008), which have been shown to provide reliable and valid
VWM estimates of individuals’ VWM capacities (Johnson
et al., 2013; Kyllingsbæk & Bundesen, 2009). Studies us-
ing these tasks have brought about valuable insights into
the basic functioning of human visual memory (Luck & Vo-
gel, 2013). However, this research tradition is dominated by
experimental designs where (typically small) sample means
are compared across experimental conditions, and any inter-
and intra-individual differences are typically considered as
“noise” (Kanai & Rees, 2011; Vogel & Awh, 2008). In the

present contribution, we propose that participants and their
complexity may have been oversimplified in such existing
research paradigms. Although oversimplification is a crucial
ingredient of research in general, looking into the “noise” can
also be fruitful, and it can even be crucial if it proves to be
confounded with experimental manipulations of interest or if
it affects the validity of the measures. Specifically, we pro-
pose to take into consideration one important human factor:
the emotions participants feel while performing experimental
laboratory tasks (see also Dukes et al., 2021). We sense that
typical prior research seems to view participants as machines
who enter the laboratory and perform VWM tasks as success-
fully as their “hardware” (i.e., their VWM capacity) allows,
while neglecting the task-induced emotional experiences. To
the authors’ knowledge, there is currently no research on how
participants feel during VWM tasks in the laboratory, that is
the emotions which emerge as a result of performing the task
itself, and whether these emotions, in turn, are systematically
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2 LAYBOURN, FRENZEL, CONSTANT & LIESEFELD

linked with VWM performance, thus potentially biasing ca-
pacity estimates.

There are some hints in the literature that emotions in-
duced by the VWM task may be linked to individual dif-
ferences in VWM performance (Luck, 2014; Rouder et al.,
2008). Those are predominantly informal observations and
largely speculative, which, to our knowledge, have not been
researched systematically. There is substantial empirical ev-
idence, however, that externally induced emotional states in-
fluence participants’ VWM performance (Spachtholz et al.,
2014; Xie and Zhang, 2016, but see Souza et al., 2021).
Therefore, it is likely that, to the degree that emotional expe-
riences occur as a result of performing the VWM task, they
may well be linked with VWM performance.

The aim of the present research was twofold: (1) to es-
tablish whether participants experience emotions during a
VWM task, which are induced by the task itself, and (2) if
this was the case, to explore how these incidentally induced
emotions are related to VWM performance.

To answer these research questions, we followed a mixed-
method approach, by first conducting a qualitative study
using an approach based on the think aloud method (van
Someren et al., 1995) to investigate whether participants ex-
perienced any task-induced emotions during a VWM task in
the laboratory, and if so, which emotions those were (some
authors also refer to this as “emote-aloud,” see e.g., D’Mello
and Graesser, 2012). In three further quantitative studies,
we explored the link between self-reported discrete task-
induced emotions and VWM performance, from an inter-
individual and intra-individual perspective. Our reasoning
for these studies is outlined in the following.

We have no known conflict of interest to disclose.
Sara Laybourn
Anne C. Frenzel
Martin Constant
Heinrich R. Liesefeld

Martin Constant and Heinrich R. Liesefeld are now at the De-
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gen”) in London, England, in April 2019. This study was not pre-
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This work was supported by the German Research Foundation
(DFG) under Grant LI 2868/3-1 awarded to HRL.

OSF web link to data-files: https://osf.io/dr62j/
Correspondence concerning this article should be addressed

to Sara Laybourn or Anne C. Frenzel, Department Psychologie,
Ludwig-Maximilians-Universität, Leopoldstr. 13, 80802 Munich,
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Emotions and Visual Working Memory

Emotions are generally defined as multi-component pro-
cesses, including affective, motivational, cognitive, physio-
logical, and expressive components (Mulligan & Scherer,
2012), which can influence our thoughts, behaviors, and per-
formance (Beal et al., 2005). Research has shown that emo-
tions also influence higher cognitive functions, such as mem-
ory. In research regarding long-term memory, it is well estab-
lished that the emotions experienced at the time of memory
formation influence how the memory is stored (e.g., LaBar
and Cabeza, 2006). In addition, there is also a specific body
of literature which explored the effects of emotions on work-
ing memory, specifically VWM. However, these findings are
somewhat ambiguous, as we briefly outline below.

When studying the effect of emotional states on VWM,
negative, positive and/or neutral emotional states are typi-
cally induced prior to the VWM task. In doing so, some re-
searchers have found evidence that negative emotional states
relate to poorer working memory performance. For instance,
Figueira et al. (2017) showed that participants’ contralateral
delay activity (CDA) amplitudes were significantly lower in
a negative emotional condition as compared to a neutral emo-
tional condition. CDA is an electrophysiological index of
VWM processing, which has been shown to correlate with
the amount of information stored in working memory (Luria
et al., 2016; Vogel & Machizawa, 2004). Further, on an intra-
individual level, Brose et al. (2014) found that daily varia-
tions in participants’ mood (measured over a 100 day pe-
riod) related to working memory performance. Specifically,
negative affect was negatively linked with spatial working
memory performance. The authors also found that variations
in positive affect were positively linked to working memory
performance.

Digging deeper into the potential effects of emotional
states on working memory performance, some authors pro-
posed to explore potentially differential effects on the qual-
ity versus quantity of visual performance. For instance,
Spachtholz et al. (2014) randomly assigned participants to
a condition inducing either neutral or negative emotions
prior to performing the continuous color-report task. Results
showed that the number of remembered items was lower in
the negative-emotion condition but VWM performance in
terms of quality (precision of color memory) increased. The
authors concluded that emotional state leads to a tradeoff be-
tween quantity and quality in terms of VWM performance,
with negative emotional states favoring quality over quantity.
However, those effects were not fully confirmed by Xie and
Zhang (2016): manipulating emotional state on a trial by trial
basis via presentation of IAPS pictures (International Affec-
tive Picture System, Lang et al., 1997), they found that self-
reported negative emotion yields higher VWM precision, but
this time without any concurrent decrease in VWM capacity
(see also Long et al., 2020, who found such a tradeoff). How-
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ever, a large-scale attempt to replicate those findings failed
to find any evidence of an enhancing effect of self-reported
negative emotion on either precision or capacity with seven
experiments in three different labs and with participants from
four different countries (Souza et al., 2021).

Overall, when considering the results discussed above, it
seems there is some indication for the relevance of emo-
tional states in VWM performance. However, the results are
not straightforward and attempts to replicate the findings
yield even more ambiguous results. Importantly, this exist-
ing research rests mainly on studies which induced emotional
states prior to the VWM task (either block-/session-wise or
trial-wise). Not only may such emotion induction procedures
lack ecological validity, but more importantly, they are inef-
fective in exploring another, potentially more relevant factor:
the emotions participants experience because of the VWM
task itself. These may be systematically linked with perfor-
mance, and may also differ across experimental conditions,
thus creating an important potential confound and posing a
threat to the validity of the VWM performance scores. To
the authors’ knowledge, no study to date has explored these
assumptions.

Despite the eminent lack of systematic research into
potential links between incidentally induced emotions and
VWM performance scores, some researchers from the VWM
community hint towards the possibility that tasks designed to
measure cognitive functions may induce emotions in partic-
ipants, and that these emotions in turn may be linked to par-
ticipants’ performance. For instance, in his book on event-
related potentials (ERPs), Luck (2014) states the following:
“ERP experiments tend to be long and boring, with trial af-
ter trial of the same basic task. To ensure that you are col-
lecting the highest quality data possible, it is important to
keep your subjects happy and relaxed. If they are unmoti-
vated or become bored, they may not pay close attention to
their performance, weakening your effects” (p. 144). Also
the classical VWM tasks are typically lengthy, requiring par-
ticipants to go through multiple-trial-blocks of either change
detection or active color recall, which typically take up to
45 minutes or more to complete. To the authors’ knowl-
edge, whether or not these tasks are generally not enjoyable
or evoke boredom in participants because they are long and
repetitive is based purely on introspection or speculation, and
has never been explored systematically. Moreover, the pre-
sumption that such task-induced emotions may also have an
effect on the obtained results has not been tested.

Further, researchers in the field of VWM have conveyed
their thoughts on possible task-induced emotions and how
these emotions may be linked to participants’ performance.
For instance, Rouder and colleagues (2008) found that some
participants performed worse than expected on difficult as
opposed to easy trials of a VWM task, and they concluded
that this may have been the case because some participants

were “intimidated” by the difficult trials (p. 5978). Similarly,
Spachtholz et al. (2014) speculated that differences in VWM
performance may “be brought about unintentionally by cues
such as affective state that signal requirements of the current
situation” (p. 1455).

Overall, it seems highly likely that engaging in a VWM
task triggers emotional experiences in participants. It has
been speculated that they may be perceived as boring or in-
timidating, yet we argue they may also be experienced as
challenging and engaging. The first goal of the present re-
search was therefore to explore what participants feel when
participating in a typical VWM task.

Our second goal was to explore the links between emo-
tions induced by a VWM task and VWM performance. If
prior speculations are correct and emotional experiences oc-
cur because of certain characteristics of the VWM task (i.e.,
difficult trials, see Rouder et al., 2008), these emotions may
be potentially confounding variables distorting the VWM
performance estimates.

Evidence from more applied, educational psychology has
demonstrated that engaging in tasks can trigger emotional
experiences, which in turn are linked with performance. A
brief overview of these results is given in the following.

Task-induced Emotions and their Link with Performance

Emotions are thought to be activated by individual ap-
praisals of specific objects or events (Mulligan & Scherer,
2012). Tasks and activities can also act as objects, which trig-
ger emotional experiences. For instance, people experience
joy when engaging in an activity that they appraise as pleas-
ant, either because they receive an extrinsic reward for their
engagement in the task, such as praise, or because the task it-
self is rewarding to the individual (Csikszentmihalyi, 2000).
Specifically, task enjoyment is thought to play a major role
in different concepts such as flow experience (Csikszentmi-
halyi, 2000), intrinsic motivation (Deci & Ryan, 1991), and
achievement motivation (Dweck & Elliott, 1983) – concepts
which are important for performance.

The role of task-induced emotions in cognitive perfor-
mance is commonly studied in academic settings. Here, the
research focus lies mainly on achievement or epistemic emo-
tions. Achievement emotions can either relate to achievement
outcomes, such as exam results, or to achievement-related
activities, such as studying or class participation (Pekrun
et al., 2011). By definition, achievement emotions emerge
as a result of achievement outcomes, that is, success en-
tails positive emotions, and failure entails negative emo-
tions. In addition, achievement emotions can be assumed
to influence learners’ cognitive resources, motivation, strat-
egy use, and self-regulated learning such that they in turn
predict achievement outcomes (Goetz & Hall, 2013). Re-
search on achievement emotions has shown consistently that
negative achievement emotions, such as shame and anger,
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are linked negatively with performance (e.g., Pekrun and
Perry, 2014) whereas positive achievement emotions, such
as joy and pride, correlate positively with performance (e.g.,
Pekrun, Lichtenfeld, et al., 2017). In longitudinal research
designs, it has been shown that those achievement emo-
tion—performance links are driven by reciprocal causation,
with emotions and performance predicting each other over
time (Pekrun, Lichtenfeld, et al., 2017; Putwain et al., 2018).

The cognitive characteristics of a task can also induce
emotional experiences. These emotions are known as epis-
temic emotions (Pekrun & Stephens, 2012; Pekrun, Vogl, et
al., 2017). The object focus of epistemic emotions is knowl-
edge and knowledge generation (Brun et al., 2008), which
can trigger different discrete emotions, such as surprise, cu-
riosity, and confusion (Vogl et al., 2019, 2020). Epistemic
emotions also have been linked to cognitive performance.
For instance, research has found that epistemic emotions pre-
dicted processes in self-regulated learning, which in turn pre-
dicted complex mathematical problem solving (Muis, Psa-
radellis, et al., 2015) and learning outcomes on climate
change (Muis, Pekrun, et al., 2015).

Further, working on such cognitive tasks has been found
to arouse subjective experiences of high mental effort and
corresponding mental fatigue during experimental task exe-
cution (Gergelyfi et al., 2015; Hopstaken et al., 2015, 2016).
These mental states are not classically considered emotional
states like anger or pride, but they in fact are closely concep-
tually related in that they may be experienced as aversive and
have specific physiological components.

It becomes apparent that tasks can trigger emotions in peo-
ple, which in turn are linked with how they perform on these
tasks. However, to date, these processes have – to our knowl-
edge – not been examined, nor considered, in laboratory set-
tings designed to measure VWM functions.

The Present Study

We report the results of four consecutive studies. In Study
1, we sought to explore qualitatively what participants feel
when performing a VWM task (Research Question (RQ) 1a).
In doing so, our goal was to discern discrete emotions that
participants may experience, such as joy, pride, anger, and
boredom. Further, we sought to explore which aspects of the
VWM task triggered these discrete emotions (RQ 1b).

Studies 2 and 3 used a quantitative design to explore,
whether and how task-induced emotions are linked to VWM
performance, both on an inter-individual level (Study 2; RQ
2a), and on an intra-individual level (Study 3; RQ 2b). Addi-
tionally, in Study 3, we explored whether a typical exper-
imental manipulation (set-size) had any systematic effects
on the emotions experienced during the task. Study 4 was a
high-powered replication (N = 110) of Study 3 that also ex-
ploratorily addressed a few interesting subsidiary questions
that came up during the review process.

The research reported herein was conducted in accordance
with the ethical standards expressed in the Declaration of
Helsinki and has received a formal waiver of ethical ap-
proval by the ethics committee of the Department of Psychol-
ogy, LMU München. Participation was voluntary and writ-
ten informed consent was obtained from all participants for
each study. The data files can be found on the Open Science
Framework (Laybourn et al., 2020).

Study 1

To explore which discrete emotions are experienced when
engaging in a VWM task, participants in this study were
asked to verbalize their feelings and any related thoughts
thereof while performing the continuous color-report task
(Zhang & Luck, 2008). This approach is based on the think
aloud method by van Someren et al. (1995), which is tradi-
tionally used when trying to identify and understand under-
lying processes in problem solving by encouraging partici-
pants to verbalize their thoughts and strategies while trying
to solve a certain problem. We deemed it suitable also for
identifying the emotional experiences and related thoughts
thereof participants encountered when performing a VWM
task (see also e.g., D’Mello and Graesser, 2012, who refer to
this as "emote-aloud").

We chose the continuous color-report task as it is a well-
established paradigm used in VWM research and has consis-
tently been reported as a highly reliable method for estimat-
ing individual differences in VWM. The task involves mem-
orizing multiple, shortly presented visual stimuli (typically
two or more colored squares, the sample array), and then,
after a short retention period of around 1s, being prompted to
recall one of them (the test array; here, a thick black frame
indicates which of the squares from the sample array should
be recalled) by selecting the color of the prompted square on
a continuous color wheel which surrounds the test array (see
Figure 1).

Methods

Sample

Participants of this study were N = 19 (11 female; Mage =

30.21; SD = 8.49), who all stated not to be color-blind and to
have normal or corrected-to-normal vision.

Continuous Color-Report Task Specifications

All stimuli were generated in MATLAB using the Psy-
chophysics Toolbox. Stimuli were presented on 24” TFT-
LCD monitors (ASUS VG248QE, 1920×1080 pixels, 60 Hz)
at a viewing distance of approximately 70 cm. The to-be-
remembered stimuli were five colored squares (1 x 1°) on a
dark grey background (RGB: 60, 60, 60), which randomly
(with a distance of at least 1.5° between each) appeared at
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Figure 1

Continuous Color-Report Task Showing Set Size 4

least 2° from the white fixation cross (0.5°) within a rectan-
gular region with a width and height of 10 × 9°, centered
on the fixation cross. Colors were randomly drawn from a
circle with a radius of 40 in a luminance plane of the CIE
1976 L*a*b* color space (L* = 63, center: a* = 9, b* = 27,
illuminant: D65, 2° standard observer).

All trials followed the same order: After the fixation cross
was briefly presented for 1000 ms (inter-trial interval), the
sample array appeared for 1000 ms containing five colored
squares. After a 1000 ms delay interval, participants were
presented with the test array, which remained until a re-
sponse was given. Responses were not timed. In keeping with
the traditional paradigm, performance feedback was not pro-
vided.

Procedure and Think Aloud Protocol Transcription

Participants performed the task alone in the laboratory
with only the researcher present. First, participants were
given the opportunity to familiarize themselves with the
VWM task by reading a short introduction to the task and
performing a practice block containing 20 trials. The actual
VWM task consisted of two blocks, each containing 165 tri-
als.

The first block served the purpose of the participants’ full
habituation of the tasks’ procedure before asking them to
emote aloud during the task, thus in this block, participants
did the task in silence. During the second block, the emote
aloud procedure was introduced. To this end, participants
were prompted with the following instructions: “You will
now complete another block of trials, just like the one you
have just completed. During this next block, we ask you to
please verbalize any feelings or thoughts you are experienc-
ing during the task”. The resulting monologue was recorded
and later transcribed verbatim. If required, the researcher re-
minded participants to “think and feel aloud”. Overall, par-
ticipants took approximately between 45 and 90 minutes to
complete the task.

Analysis and Coding Reliability

Data analysis was carried out on the basis of qualitative
content analysis proposed by Mayring (2014) using the open
access web-application QCAmap (Mayring & Fenzl, 2014).

As to the authors’ knowledge, there are no prior find-
ings regarding participants’ affective states when performing
a VWM task in the laboratory, categories needed to be ex-
tracted from the textual material itself, using the content an-
alytical technique of inductive category formation (Mayring,
2014).

To determine what participants felt when performing a
VWM task (RQ 1a), we categorized all text passages in
which “participants referred to emotional states experienced
during the VWM task” (selection criterion). Next, categories
were phrased as “specific emotional states or personal feel-
ings, which participants referred to during the VWM task”
(level of abstraction).

To explore which aspects of the VWM task triggered these
discrete emotions (RQ1b), the selection criterion was set to
text passages in which “participants explicitly referred to or
hinted at reasons, sources or processes related to the emo-
tional states or feelings experienced/perceived during the
VWM task”. Categories were phrased as “specific reasons,
sources or processes affecting or leading to participants’
emotional states and feelings experienced/perceived during
the VWM task" (level of abstraction). Further details of the
coding procedure can be found in the Supplemental Material.

In order to establish the degree of reliability for the cate-
gory system and reproducibility of the categorizations, a sub-
sample of six randomly chosen interviews (approx. 33% of
the entire material) were coded by two independent coders.
The coders reached substantial agreement for both research
questions (RQ1a: K = .79 (95% CI, .68 to .89), p > .01;
RQ1b: K = .72 (95% CI, .61 to .82), p > .01).
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Table 1

Discrete Emotions Stated by Participants During a VWM
Task in Order of Frequency

Discrete emotion Frequency by participants Absolute count

Anger 8 participants 24
Frustration 7 participants 20
Joy 7 participants 17
Boredom 6 participants 9
Tension/Nervousness 3 participants 3
Confusion 2 participants 2
Desperation 2 participants 5
Hope 2 participants 3
Same 1 participant 2
Disappointment 1 participant 1
Uncertainty 1 participant 1
Anxiety 1 participant 1

Results and Discussion

Overall, 12 discrete emotions were identified (see Ta-
ble 1). The most frequently stated emotions were anger
(stated by eight participants), frustration (seven participants),
joy (seven participants), and boredom (six participants). Par-
ticipants varied in terms of how many different emotions they
reported during the task (ranging from one to six emotions)
and how often they reported to experience them (ranging
from one to nine times).

These findings confirm previous speculations and provide
first empirical evidence that participants experience emotions
during a VWM task, which occur because of the task itself.
This is in line with emotion research proposing that emo-
tions can be triggered by (cognitive characteristics of) a task
(Pekrun, Vogl, et al., 2017).

In regards to RQ1b, 10 categories were identified, which
involved underlying processes associated with participants’
emotional experiences during the VWM task (see Table 2).
Participants’ self-expectations regarding the VWM task were
identified most frequently to be related to their emotional ex-
periences (eleven participants, referred to 28 times). The ma-
jority of the coded passages in this category indicated that
participants wanted and also expected to do well on the task,
as it was perceived initially as a simple task. However, the
task proved to be more difficult than expected. This led to
participants experiencing negative emotions, such as anger
(“You get angry when you don’t know it because this isn’t
really that difficult, actually”, Participant D).

Eleven participants perceived the VWM task as challeng-
ing in a negative sense. Here, participants reported the VWM
task as being stressful or overwhelming for them and result-
ing in negative emotions for the individual, as is illustrated
by the following examples: “I always try to remember, more

or less, the general color. And when each one is different,
then I am out of my depth. . . . That just makes me angry”
(Participant C).

“But sometimes, I don’t know, sometimes the time to look
at the colors is too short and then I get desperate because I try
to recite the colors and to see which ones come in pairs and
when there are many different colors, all of a sudden nothing
works anymore.” (Participant G)

Six participants referred to being dissatisfied with the
VWM task design, which mainly resulted in frustration:
“What’s also frustrating is the cross in the middle of the
screen” (Participant A). One participant reported to experi-
ence boredom: “Because this is the second round, you just
start noticing that it is starting to be boring, yes, because it is
always the same thing” (Participant K).

Participants’ general judgement of the VWM task (six par-
ticipants) pertained to the general attitude they reported hav-
ing towards the task. For instance, some participants referred
to the task as being “pointless” or “silly” (Participant K), oth-
ers compared the task to a game (Participant M) or an exam
situation (Participant P). A change in motivation was also re-
ferred to by six participants, especially towards the end of the
VWM task: “For some reason I’m, I’m starting to notice that
it doesn’t matter to me that much anymore, I am not clicking
anywhere specific anymore” (Participant S).

Pertaining to the category social comparison, six partic-
ipants wondered how they were performing in comparison
to the other participants: “I’m always asking myself, if I am
that bad or if the others are also this bad.” (Participant P).
One participant stated to be angry for comparing their own
achievement to those of others.

Four participants referred to missing performance feed-
back, which was mainly associated with interest: “It would
be interesting to know your score, at the end. Maybe, I don’t
know, a smiley face indicating whether you were right or
wrong” (Participant D).

Four participants also referred to a missing time reference,
which seemed to be frustrating, as the following example il-
lustrates: “You don’t know when it’ll be over. I think that’s
what’s bugging me” (Participant E).

Three participants perceived the VWM task as challeng-
ing in a positive sense. Here, participants mainly reported
that the VWM task fueled their ambition to perform well,
but when they did not, they experienced negative emotions,
for example:

“I am still ambitious. It’s not as if I would stop doing this
straight away. I want to continue doing this and I want to do
well at this and I try every time again and again. But some-
how you still are disappointed when you don’t know the an-
swer.” (Participant D)

Finally, three participants referred to strategies to improve
their achievement: “You start and build themes and then you
wait and see, and then you try and do it well“ (Participant E).

18



UNINTENDED EMOTIONS IN THE LABORATORY 7

Table 2

Underlying Processes Regarding Emotional Experiences in Order of Frequency

Underlying process Frequency by participants Absolute count

Self-expectations 11 participants 28
VWM task is challenging (negative sense) 11 participants 23
General judgment of the VWM task 6 participants 27
Dissatisfaction with the VWM task design 6 participants 12
Change in motivation 6 participants 11
Social comparison 6 participants 10
Referring to missing performance feedback 4 participants 9
Referring to missing time reference 4 participants 7
VWM task is challenging (positive sense) 3 participants 8
Thoughts on strategies to improve achievement 3 participants 3

It is worth noting that the think and emote aloud method
relied upon participants to be able to register what they are
thinking and feeling on a meta-cognitive level and to trans-
late these complex internal processes into words for a third
party to understand. A few participants seemed to struggle
with this in that they did not verbalize any emotional experi-
ences, others described the think aloud task itself as a source
for certain emotional experiences. Yet we took great care not
to categorize emotional experiences which were triggered by
the think aloud method.

Overall, the results showed that participants experienced
an array of different discrete emotions while performing the
continuous color-report task, which varied between individu-
als – some seemed to enjoy the task more, yet others found it
frustrating. It also became evident that participating in the
continuous color-report task implied going through highly
intra-individually varying emotional states – at some points
during the experimental block, participants were activated,
engaged, and enjoying it, while next they had trouble focus-
ing, worried about their achievement, and became frustrated.

Only few statements pertained to epistemic emotions,
such as confusion (Vogl et al., 2020), and some emotions
seemed to have been triggered by certain experimental de-
sign features we had realized (no performance feedback, no
explicit breaks). Most importantly, though, it became evi-
dent that the dominating theme of most participants’ thinking
while engaging in the continuous color-report task was sub-
jective success and failure. This confirms speculations ex-
pressed earlier for example by Rouder and colleagues (2008)
that some participants can be “intimidated” by the task, and
Spachtholz et al. (2014) who conjectured that the VWM task
can “signal requirements” which trigger emotions in the par-
ticipants. Clearly, the key task requirement built into a mem-
ory task such as the continuous color-report task is to re-

member the “correct” color, so participants are fully aware
that they can fail versus succeed at each trial. As such, a key
insight from this qualitative study was that this task clearly
places participants into an achievement situation. That is,
participants find themselves in a situation where judgments
regarding achieving or failing against some standard, be it
task-based, self-based, or other based (Elliot et al., 2011) are
dominant.

Study 2

Previous research has demonstrated that emotions induced
prior to a VWM task can affect VWM performance. In a sec-
ond study, we sought to establish whether emotions, which
were induced by the VWM task itself, were also systemati-
cally linked to VWM performance. To this end, participants
performed the continuous color-report task and were asked to
rate their emotional experiences during the task immediately
after. We opted for such a summative, retrospective task emo-
tion assessment in order to minimize any disruptions during
the task.

Taking up the results of Study 1, we chose to assess joy,
anger, frustration, and boredom. As joy was the only positive
emotion explicitly labeled by the participants in Study 1, and
we sought to assess diverse discrete emotions also of posi-
tive valence (Pekrun, 2018; Posner et al., 2005), we chose
to additionally include pride in this study. Pride is an impor-
tant self-conscious emotion and a prototypical achievement
emotion tightly linked with appraisals of task success (Lagat-
tuta & Thompson, 2007), and given the situational salience
of achievement we had identified in Study 1, we deemed it
promising to further investigate the link between this emo-
tion and VWM performance.
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Method

Sample

Forty-seven individuals initially participated in this study
(31 female; Mage = 26.09; SD = 3.85) who all stated not to
be color-blind and to have normal or corrected-to-normal vi-
sion. They received either course credit or monetary compen-
sation for their time.

Two individuals were excluded from further analysis due
to substantial missing data in the self-reported emotions and
technical difficulties during the VWM task. No participants
were excluded due to extremely poor performance. The final
sample of this study thus was N = 45 (30 female; Mage =

26.24; SD = 3.86).

Procedure, Stimuli and Measurements

Procedure. Participants familiarized themselves with the
VWM task by performing a short practice block contain-
ing 30 trials, which started either with 15 trials displaying
four squares followed by 15 trials displaying eight squares,
or vice versa. The actual task contained 240 trials, which
were arranged in alternating blocks of 30 trials each, display-
ing either four- or eight-square arrays (set-size; starting size
counterbalanced). At the end of the VWM task, participants
were prompted to fill in a paper-and-pencil questionnaire
asking them to report, retrospectively, how they felt during
the VWM task.

Continuous Color-Report Task. We employed the same
task as in Study 1, except that we deliberately introduced
variability in the difficulty of the task by using two differ-
ent sample array set-sizes: four or eight colored squares. We
did so because on the one hand, we wanted participants to
be fairly comfortable with the task during certain phases of
the experiment (set-size 4). On the other hand, we wanted
to place them systematically in demanding achievement sit-
uations (set-size 8; e.g., Rouder et al., 2008), as results from
Study 1 indicated that emotions participants experienced dur-
ing the VWM task were linked to its achievement require-
ments. Further, it is common to vary set-size in paradigms
designed to measure VWM. No performance feedback was
provided and responses were not timed. Participation length
for the 240 trials ranged between 25 and 35 minutes, approx-
imately.

VWM performance was operationalized by computing the
absolute angular distance (in degrees) between the probed
item’s color (on the color wheel) and the selected color
(henceforth: recall error) for each participant.

Emotion Ratings via Paper-and-Pencil Questionnaire.
To assess participants’ emotions regarding the VWM task,
we asked participants to rate five items concerning the emo-
tions they experienced during the VWM task (I enjoyed the
task, I felt proud, I felt angry, I was frustrated, I felt bored) on
a five-point Likert type scale ranging from strongly disagree

to strongly agree. These judgments were made immediately
after finishing the experiment.

Results and Discussion

As expected, there were no significant effects of set-size
order on either recall error or self-reported emotions (all ts <
.81, all ps > .37) and we therefore do not consider this group factor
further. An overview of the descriptive statistics for the emotion
measures in Study 2 can be found in Table 3.

As the emotions were rated with single items on a 5-point Lik-
ert scale, thus not affording an interval-scale measurement level,
we obtained Spearman’s correlation coefficient for VWM perfor-
mance and the emotions joy, pride, anger, frustration, and bore-
dom to explore the link between task-induced emotions and VWM
performance (recall error) on an inter-individual level (RQ2a; see
Table 4). Results indicated that there was a significant negative
association between recall error and joy (rs = −.34, 95% BCa
CI [−.606,−.017], p = .02) and pride (rs = −.30, 95% BCa CI
[−.602, .015], p = .04). Further, there were significant positive asso-
ciations between recall error and anger (rs = .32, 95% BCa CI [.026,
.561], p = .03), frustration (rs = .34, 95% BCa CI [.048, .555], p =
.03), and boredom (rs = .33, 95% BCa CI [.017, .57], p = .03)1.

The results imply that the better participants performed on the
VWM task relative to others, the more joy and pride they experi-
enced. However, when participants performed more poorly on the
task relative to others, they experienced more anger, frustration and
boredom. Importantly, though, these are purely correlative findings,
so we hasten to caution the reader (and ourselves) not to inter-
pret these findings as causal relations; emotions might affect perfor-
mance, performance might affect emotions or there might be a third
variable that affects both emotions and performance. Even more
likely, the correlation might be due to a complex reciprocal inter-
action between performance, emotions, and maybe additional vari-
ables (as discussed in more detail in the Introduction and General
Discussion sections with regard to Pekrun’s (2006) control-value
theory).

Study 3

The results from Study 1 had suggested that not only did the
participants differ from one another, that is, on an inter-individual
level, with respect to their task-induced emotions during the VWM
task (as followed up upon in Study 2), but also, single individu-
als seemed to experience widely ranging levels of emotions dur-
ing the task. Additionally, Study 1 had revealed that participants
were mostly preoccupied with their subjective performance during
the task, and the emotions they experienced could be largely clas-
sified as achievement emotions. Following up on this, in Study 3,
we sought to explore whether task difficulty (i.e., set-size) had an
effect on participants’ emotions, and we aimed to assess the intra-
individual variation of emotional experiences during the continuous
color-report task execution. Further, we aimed to explore whether
and how these varying emotions related to VWM performance, on

1We confirmed that all those effects were significant (p < .05)
even when adopting the Benjamini-Hochberg procedure for ruling
out false discoveries.
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Table 3

Descriptive Statistics for Emotional Measures in Studies 2, 3, and 4
Study 2 (N = 45) Study 3 (N = 44) Study 4 (N = 110)

Single retrospective
measure

Mean score across the
blockwise measures

Single retrospective
measure

Mean score across the
blockwise measures

Median Range M (SD) Range Skew. Kurt. Median Range M (SD) Range Skew. Kurt.

Joy 3.0 1–5 2.5 (0.73) 1–4 −0.17 −0.35 3.0 1–5 2.62 (1.02) 1–5 0.49 −0.34

Pride 2.0 1–5 2.1 (0.67) 1–3.5 0.07 −0.85 2.0 1–5 2.22 (0.77) 1–5 1.08 2.01

Anger 2.0 1–4 1.9 (0.90) 1–4.3 0.71 −0.48 2.0 1–5 2.08 (0.98) 1–4.6 0.66 −0.32

Frustration 3.0 1–5 2.4 (0.93) 1–4.9 0.47 0.07 3.0 1–5 2.76 (1.20) 1–5 0.19 −0.70

Boredom 3.0 1–5 2.9 (0.88) 1.1–4.8 0.17 −0.51 3.0 1–5 3.02 (1.17) 1–5 −0.10 −0.98

an intra-individual level. To this end, in Study 3, we asked partic-
ipants to rate their emotional experiences at multiple time points
during the VWM task. In other words, we sought to explore whether
any dynamics of the participants’ emotions across the course of
the experiment, as assessed through multiple emotion ratings after
short experimental sub-blocks, co-fluctuated with the dynamics of
the performance across those sub-blocks, within the participants.

Method

Sample

Forty-six individuals (26 female; Mage = 25.57; SD = 3.86) ini-
tially participated in this study, who all stated not to be color-blind
and to have normal or corrected-to-normal vision. They received
either course credit or monetary compensation for their time.

One person was excluded from further analysis due to substantial
missing data in the self-reported emotions and one participant was
excluded due to extremely poor performance (average recall error
of more than two standard deviations above the mean), indicating
poor study commitment and thus low overall data quality. The final
sample of the study thus was N = 44 (24 female; Mage = 25.50; SD
= 3.89).

Procedure, Stimuli, and Measurements

Procedure. We largely adopted the same procedure as de-
scribed in Study 2. The key difference was that in this study, partic-
ipants were prompted to rate the emotion items presented to them
in a paper-and-pencil questionnaire several times within the exper-
iment (after each block of 30 trials displaying either four- or eight-
square arrays), as we sought to assess the potential intra-individual
variability in emotions regarding the VWM task execution in the
course of the experiment.

Continuous Color-Report Task. We adopted the same
continuous color-report task as described in Study 2, and opera-
tionalized VWM performance in terms of recall error accordingly.
We thus obtained recall error for each block of 30 trials.

Emotion Ratings via Paper-and-Pencil Questionnaire.
To assess participants’ emotions regarding the VWM task on an
intra-individual level, we asked participants “How are you currently
feeling?” at eight time points during the VWM task. At each time

point participants were asked to rate five items concerning the emo-
tions they experienced during the VWM task (I am enjoying the
task, I feel proud, I feel angry, I am frustrated, I feel bored) on a five-
point Likert type scale ranging from strongly disagree to strongly
agree.

Analysis Approach

We calculated random intercept, fixed-slope models for each
emotion/recall error combination. For this analysis, all emotion
and recall error scores were transformed into z-scores, so that the
within-person regression parameters could be interpreted as stan-
dardized correlations, to allow for comparability between the results
from this study and Study 2.

Results and Discussion

Descriptive statistics of all emotion measures in Study 3 are
shown in Table 3. As in Study 2, there were no significant between-
person effects of set-size order on either recall error or self-
reported emotions (all ts < 1.52, all ps > .14). Further, to test
whether the multiple emotion ratings affected VWM performance,
an independent-samples t-test was calculated using participants’ av-
erage recall error from Study 2 (M = 47.02, SD = 8.54) and Study 3
(M = 47.75, SD = 10.89). Results yielded no significant difference
between the two sample means (t(87) = −0.35, p = .73, d = −0.07).

Next, we explored effects of set-size. As could be expected,
paired-sample t-tests showed significant effects of set-size on recall
error (t(43) = −24.17, p < .01, dz = −3.64) thus, easier blocks (i.e.,
arrays with four squares) were associated with better performance
(M4 = 35.70, SD4 = 10.49; M8 = 59.79, SD8 = 12.22). Regarding the
emotions, paired-samples t-tests further showed significant effects
of set-size on joy (t(43) = 4.66, p < .01, dz = 0.70), pride (t(43) =
5.96, p < .01, dz = 0.90), anger (t(43) = −3.91, p < .01, dz = −0.59)
and frustration (t(43) = −5.00, p < .01, dz = −0.75), indicating that
the variation in task difficulty affected how participants felt while
performing the VWM task. Specifically, when confronted with set-
size 4, participants experienced more enjoyment (M4 = 2.70, SD4 =

0.82) and pride (M4 = 2.32, SD4 = 0.79) than when confronted with
set-size 8 (joy: M8 = 2.31, SD8 = 0.74; pride: M8 = 1.85, SD8 =

0.65). Further, participants experienced less anger (M4 = 1.72, SD4

= 0.82) and frustration (M4 = 2.15, SD4 = 0.91) when confronted

9
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with set-size 4 than with set-size 8 (anger: M8 = 2.06, SD8 = 1.02;
frustration: M8 = 2.60, SD8 = 1.04). The effect of set-size on bore-
dom did not reach significance (t(43) = −1.97, p = .06, dz = −0.30;
M4 = 2.88, SD4 = 0.95; M8= 3.06, SD8 = 0.91; see Figure 2).

Regarding the relationship between performance and emotions,
results showed that every discrete emotion significantly correlated
with recall error on the intra-individual level (see Table 4). Specifi-
cally, joy and pride were significantly negatively linked with recall
error, indicating that when a participant performed better on a block
of 30 trials than on the other blocks, they enjoyed it more, and were
more proud, relative to the other blocks. Vice versa, when partici-
pants experienced more of those positive emotions during a block,
they performed better on the task on that particular block relative to
the other blocks. In turn, anger, frustration, and boredom were sig-
nificantly positively linked with recall error, implying that the worse
a participant performed on a particular block the more they experi-
enced those negative emotions during that block, and vice versa.
Finally, taking into consideration that set-size also had a strong ef-
fect on the emotions, in a last analysis step, we additionally consid-
ered set-size in our analyses. This implied exploring whether, even
in blocks of the same difficulty, participants’ emotions varied, and
whether this variation in task experiences was systematically related
to performance. Intriguingly, the effects remained significant for all
discrete emotions except for anger (see Table 4). This implies that
anger was strongly driven by task difficulty. However, participants’
fluctuations in joy and pride across the experiment were still sig-
nificantly negatively related with their performance in the task, and
their fluctuations in frustration and boredom were positively related
with performance above and beyond the performance variability in-
duced by the array size manipulation.

Figure 2

Effects of Set Size on Emotions in Study 3
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Note. **p < .01; error bars display ± one standard error.

Study 4

This study was designed as a high-powered replication of Study
3 (intra-individual links between emotions and performance). Due
to the COVID-19 pandemic, data collection in the laboratory was
not possible. The study was therefore moved from a laboratory to
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an online environment and data was collected via the data collec-
tion platform Prolific (thus drawing from a different population).
Otherwise we aimed to replicate Study 3 as closely as possible. The
functionality of the online environment for the assessment of both
the continuous color-report paradigm as well as self-report items of
emotional experiences after each 30-trial sub-block was piloted.

In addition to the emotion ratings after each block, we also in-
cluded further “overall retrospective” emotion rating items at the
very end of the experimental session. We were unsure whether par-
ticipants were able to sufficiently abstract from their current emo-
tional state when answering these items after having been probed
for their current emotional state multiple times during the exper-
iment. If they were able to do so, this would provide a relatively
cost-free opportunity to additionally replicate Study 2 conceptually,
because the additional rating would not affect the main data of in-
terest (related to the replication of Study 3).

As a further extension of this replication, we had participants
fill out the Positive and Negative Affect Schedule (PANAS; Wat-
son et al., 1988) before the start of the experiment. This would al-
low us to take their pre-experimental mood into account as well.
As such, we could explore whether mood before the experiment
had any effects on performance, and whether the task-induced emo-
tion—performance links as demonstrated in Study 3 would persist
above and beyond any such effects of mood.

Method

Sample

We used the effect of set-size on boredom in Study 3 (dz =

−0.30), which had just failed to reach significance, to determine the
necessary sample size for this replication. Using G*Power aiming
at power 1 − β = .9; α = .05 for this effect, we obtained a required
N of 97. Administering the study online via Prolific involved mak-
ing batches of experimental slots available at several standardized
time slots, which would not necessarily always fill up. We further
anticipated that we could not include all initial participants in our
analyses due to exclusion criteria, potential technical problems in
the online data collection environment, or other factors and there-
fore slightly oversampled. Our final initial sample (before exclu-
sion) was N = 124 participants (43 females, 1 other; Mage = 26.47;
SD = 7.76).

We took advantage of Prolific’s option to preclude participants
from study-participation due to certain factors. Therefore, all par-
ticipants reported not to be color-blind and to have normal or
corrected-to-normal vision. One participant was excluded from the
study due to technical problems, which lead to substantial missing
data. We applied the same exclusion rule for sorting out participants
based on extremely low performance as in Study 3 (recall error of
more than two standard deviations above the mean), indicating poor
study commitment and thus low overall data quality. On that basis,
four participants were excluded from further analyses. Further nine
participants were excluded for taking too long on the experiment
overall (more than two standard deviations above the mean exper-
iment duration, i.e., more than 86 minutes), an exclusion rule we
deemed necessary given the highly uncontrolled digital setting. The
final sample included for analysis was thus N = 110 participants
(38 female; Mage = 26.56; SD = 7.92), thus slightly oversampling

relative to the required N as implied by the power analysis for the
reasons stated above.

Procedure, Stimuli, and Measurements

Procedure. Data collection occurred online via Prolific. First,
participants were prompted to rate items on the Positive and Nega-
tive Affect Schedule (PANAS; Watson et al., 1988) before they were
introduced to the same continuous color-report task used in studies
2 and 3. Identical to the procedure in Study 3, after a short practice
block of 30 trials (15 of each set-size), participants performed the
experimental block of 240 trials consisting of 30 trials each in a row
with array size 4 or 8. As results from both Study 2 and 3 yielded no
significant effects of set-size starting order on either recall error or
self-reported emotions, this was not counterbalanced in the present
study and all participants started with set-size 4. As in Study 3, after
each of these sub-blocks of 30 trials, participants were prompted to
rate the emotion items; this time presented to them on the screen in
the online environment. Different from Study 3, attempting to po-
tentially also replicate our findings from Study 2, at the very end of
the block of 240 trials, participants were prompted to report, retro-
spectively, how they felt during the entire experiment. Participants
received monetary compensation for their time. The various mea-
sures are described in more detail in the following.

Continuous Color-Report Task. We adopted the same
continuous color-report task as described in Studies 2 and 3. VWM
performance was operationalized in terms of recall error accord-
ingly. We obtained the average recall error for each block of 30 tri-
als (for the intra-individual analyses) and the overall average recall
error after 240 trials (for the inter-individual analyses).

Positive and Negative Affect Schedule. To assess partici-
pants’ mood prior to the VWM task, the Positive and Negative Af-
fect Schedule (PANAS; Watson et al., 1988) was used. The PANAS
is suitable to either measure trait affectivity (personal tendencies
to experience generally positive vs. negative affect) or state affect
(i.e., momentary positive versus negative affect/mood). It includes
20 items, ten of which are positive (e.g. interested, inspired, ac-
tive) and ten are negative (e.g., distressed, hostile, jittery). For the
present purpose, we used the state instructions, asking participants
to “Indicate to what extent you feel this way right now, that is, at the
present moment.” Responses were given on a five-point Likert type
scale ranging from very slightly or not at all to extremely.

Emotion Ratings during the VWM task. Exactly as in
Study 3, to assess participants’ emotions regarding the VWM task
on an intra-individual level, we asked participants, “How are you
currently feeling?” after each sub-block (eight times in total). At
each time point participants were asked to rate five items concerning
the emotions they experienced during the VWM task (I am enjoy-
ing the task, I feel proud, I feel angry, I am frustrated, I feel bored)
on a five-point Likert type scale ranging from strongly disagree to
strongly agree.

Overall Emotion Ratings of the VWM task. Exactly as
in Study 2, we asked participants to retrospectively rate their emo-
tions after they completed the entire VWM task by asking, “When
looking back across the entire memory task: how were you feeling
during the task?” Participants again rated five items (I enjoyed the
task, I felt proud, I felt angry, I was frustrated, I felt bored) on a five-
point Likert type scale ranging from strongly disagree to strongly
agree.
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Results and Discussion

To explore whether the online setting had any effects, we tested
average recall error means from Study 3 against recall error means
from Study 4. Participants of this online study performed slightly
better overall (M = 43.25, SD = 12.28) than participants of the com-
parable laboratory study (Study 3, M = 47.75, SD = 10.89), t(152)
= 2.12, p = .04, d = 0.38.).

An overview of the descriptive statistics for the emotion mea-
sures in Study 4 can be found in Table 3. Somewhat disappointingly,
but not unexpectedly (see above), the Spearman’s correlation coef-
ficients for overall VWM performance and the overall retrospec-
tive emotion judgements for joy, pride, anger, frustration, and bore-
dom (rs = −.06/−.11/.16/.04/.05; p = .53/.24/.11/.66/.61; respec-
tively) did not reach statistical significance. Thus, simply adding an
extra question at the end of the experiment did not serve the pur-
pose of replicating Study 2. This is likely due to a crucial change in
the study design (which was introduced because our main aim was
to replicate Study 3): As opposed to Study 2, where participants
performed the VWM task without any interruption and were asked
to rate one item regarding their achievement emotions towards the
task in one single retrospect across the entire experimental block,
participants in Study 4 were asked to continually rate their current
emotional experiences eight times within the VWM task, before rat-
ing the overall emotion item retrospectively. It appears that the mul-
tiple question rating interfered with the final retrospective question.
Maybe this made the variation of set-size and corresponding emo-
tional variation particularly salient to the participants, or they were
unable to sufficiently abstract from their current emotional state af-
ter getting used to report exactly this.

In order to replicate the findings from Study 3, we again calcu-
lated random intercept, fixed-slope models for each emotion/recall
error combination, using the emotion and recall error z-scores, to
allow for comparability. Results showed that, as in Study 3, ev-
ery discrete emotion significantly correlated with recall error on
the intra-individual level (see Table 4). For joy, pride, anger, and
frustration this also held true when controlling for set-size. For
boredom, the correlation with recall error was no longer signifi-
cant when controlling for set size. Additionally, in a third step of
our multilevel regression analyses, we also considered mood before
the experiment on the inter-person level (level 2), which did not
alter the results (see Table 4). In sum, results of Study 3 were fully
replicated for enjoyment and pride (positive intra-individual links
with performance) and frustration (negative intra-individual links
with performance). Intriguingly, in contrast to Study 3, the negative
anger—performance link now remained significant when control-
ling for set-size (as well as mood), but the boredom—performance
link proved no longer significant with this control in this high-
powered study.

Paired-samples t-tests also replicated the findings from Study 3
that set-size had a significant effect on each of the emotions (joy:
t(109) = 8.10, p < .01, dz = 0.77; M4 = 2.78, SD4 = 1.04, M8 = 2.45,
SD8 = 1.05; pride: t(109) = 8.54, p < .01, dz = 0.81; M4 = 2.40, SD4

= 0.79, M8 = 2.05, SD8 = 0.81; anger: t(109) = −6.22, p < .01, dz =

−0.59; M4 = 1.94, SD4 = 0.91, M8 = 2.23, SD8 = 1.10); frustration:
t(109) = −7.27, p < .01, dz = −0.69; M4 = 2.55, SD4 = 1.12, M8 =

2.97, SD8 = 1.16; including boredom: t(109) = −5.14, p < .01, dz =

−0.48, M4 = 2.92, SD4 = 1.16, M8 = 3.12, SD8 = 1.21). Thus, the
non-significance of an effect of set-size on boredom in Study 3 (on

which we had based the power analysis to determine the sample size
in Study 4) was indeed simply a power issue that was resolved in
Study 4. These results indicate once more that the variation in task
difficulty affected how participants felt while performing the VWM
task (see Figure 3).

Figure 3

Effects of Set Size on Emotions in Study 4
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Note. **p < .01; error bars display ± one standard error.

General Discussion

The present research aimed to explore whether participants ex-
perience emotions during a VWM task, which are induced by the
task itself, and which discrete emotions these are. Next, and most
importantly, we sought to demonstrate that such incidentally emo-
tions were systematically linked with VWM performance (posi-
tive links for pleasant emotions, negative links for unpleasant emo-
tions). To this end, we conducted an exploratory qualitative study,
followed up by three confirmative quantitative studies. In addition
to demonstrating the existence of emotion/performance covariance,
our studies showed that task difficulty (i.e., set-size) has an effect
on the emotions participants experience during task execution. As
expected, higher set-size resulted in increased unpleasant and de-
creased pleasant emotions during the task.

VWM Tasks Induce Achievement Emotions

While there have been previous speculations about (predomi-
nantly negative) emotions occurring during typical lab-based cog-
nitive performance tasks (Luck, 2014; Rouder et al., 2008), the
present research was the first to systematically explore these as-
sumptions. Our qualitative results from Study 1 revealed that par-
ticipants experienced various different discrete emotions, both neg-
ative and positive in valence, during a VWM task, while overall
negative emotions were mentioned more frequently than positive
emotions. Interestingly, these emotional experiences not only var-
ied between individuals, in that some participants experienced more
joy and others more anger, but also within them: Participants expe-
rienced a range of varying emotions, while performing this labo-
ratory task, for instance switching from joy, to boredom, to anger,
and back to joy again during the course of one single experimental
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block. Importantly, though, joy, anger and frustration clearly were
the most dominant emotional experiences reported by the partici-
pants in Study 1, whereas, by comparison, boredom was reported
less frequently. This is an important finding of the present study in
and of itself: While researchers in this field seemed to have been
concerned with participant boredom, our results indicate that this
seems to be less problematic than previously assumed, at least for
the continuous color-report task examined here.

Beyond identifying which discrete emotions the participants ex-
perienced during the VWM task, we also employed qualitative con-
tent analysis to classify participants’ think aloud utterances pertain-
ing to potential reasons for their current emotional experiences.
Across the various categories for triggers of emotions identified
by this approach, one striking overarching theme emerged from
this analysis: Participants seemed to be constantly aware that they
could either succeed or fail at the VWM task (i.e., recalling the
correct/exact color of the probed square versus failing to do so),
and a clear majority of their thoughts centered around correspond-
ing achievement appraisals. By implication, the predominant type
of emotions participants experience during the examined VWM
task seem to be achievement emotions (Pekrun, Lichtenfeld, et al.,
2017).

It is worth noting that within the think-aloud transcripts, it be-
came apparent that some participants hinted towards using certain
strategies in order to enhance their performance on the VWM task
such as verbalization of the colors (Souza & Skóra, 2017), grouping
(Morey, 2019), and ensemble representations (e.g., Brady and Al-
varez, 2015; Liesefeld and Müller, 2019), and they expressed vary-
ing degrees of mind wandering (e.g., Robison and Unsworth, 2018).
As this was not the focus of our research question, we did not further
follow up on those observations. However, it may be interesting to
explore in more detail how those phenomena are linked with task-
induced emotions in future research. Furthermore, it is worth noting
that some participants expressed frustration about the fact that they
did not get performance feedback; thus they apparently felt that the
task would be more satisfying if performance feedback was pro-
vided. Instead, we would actually expect that provision of perfor-
mance feedback would intensify any emotional experiences during
the task (positive after success feedback, negative after failure feed-
back), thus yet exacerbating the potential emotion—performance
links. We therefore deliberately decided against providing any per-
formance feedback in the present study to see whether even in that
situation, participants would experience achievement emotions. Fu-
ture research may explore effects of performance feedback on task-
induced emotions during cognitive tasks, and potential correspond-
ing effects on task performance and emotion—performance covari-
ation.

When realizing that the continuous color-report task has
such strong task-inherent achievement requirements, which trig-
ger achievement emotions in the large majority of participants, it
seems helpful to consider Pekrun’s (2006) control-value theory of
achievement emotions to better understand the possible underlying
processes of emotion elicitation during VWM task performance. In
this theory, Pekrun proposes that individuals vary in their emotional
experiences depending on their appraisals concerning the achieve-
ment activity and its outcome, in terms of subjective control ap-
praisals (which correspond with judgments of whether one can suc-
ceed at the task) and subjective value (which correspond with judg-

ments of how important it is to succeed on the task). More specif-
ically, Pekrun (2006, 2018) proposes that control appraisals deter-
mine the valence of emotions (e.g., enjoyment or pride in case of
high control, anger, frustration or anxiety in case of low control),
and value appraisals boost the emotional intensity (stronger with
higher value). As such, the present findings imply that as long as
participants truly commit to the task – i.e., they accept that select-
ing the correct color is important, and continually monitor their own
performance by judging whether or not they think they got it right –
both negative and positive achievement emotions are bound to occur
during the task. Yet, this also implies that participants will vary in
the levels of task-induced achievement emotions, depending on how
much importance they attach to selecting the correct color, and how
successful they sense they are at doing so.

Large Array Sizes Increase Negative Task Emotions and
Decrease Positive Task Emotions

A key finding of the present research was that emotional pro-
cesses involved in performing a VWM task were influenced by task
difficulty, with larger set size being associated with decreased pos-
itive and increased negative emotions. This was shown in Study 3
for the emotions joy, pride, anger and frustration. This finding was
replicated using a larger sample in Study 4, where the effect of set-
size on boredom also reached significance (more boredom for set
size 8 than set size 4). The variation of set-sizes is a common prac-
tice by many researchers who use the continuous color-report task,
and our findings suggest that the emotions induced by varying set-
sizes might be a confound that has not yet been sufficiently consid-
ered. Rouder et al. (2008) speculated that some participants may be
intimidated by the harder trials, which in turn may harm their VWM
performance. The present study is the first to provide evidence that
participants experience more positive emotions and less negative
emotions for smaller compared to larger set-sizes.

Again, control-value theory (Pekrun, 2006, 2018) provides the
theoretical underpinning for explaining this finding: with larger set-
sizes, the participants’ control over succeeding at the task decreases.
Given that a set-size of eight clearly exceeds the VWM capacity of
a large proportion of participants, their chances of remembering the
correct color are low, and thus their subjective appraisals of whether
they can succeed at the task are bound to be poor. As a result, neg-
ative achievement emotions emerge. In contrast, easier trials (e.g.,
set-size 4) are appraised by the participants as more controllable,
resulting in more pleasant task emotions. A key implication of the
present study is thus that the task emotions affected by set-size rep-
resent an essential potential confound in any study that seeks to
explore any effects of set-size in the context of VWM research.

Task Emotions and VWM Performance are Systemati-
cally Linked

The second and overarching goal of the present research was to
quantify the links between task-induced emotions and performance.
Overall, our findings implied that there are positive links between
pleasant emotions and VWM performance, and negative links be-
tween unpleasant emotions and VWM performance. These system-
atic emotion—performance links were demonstrated both across in-
dividuals (Study 2), and within individuals (Studies 3 and 4). It is
worth noting that our attempt to conceptually replicate the Study
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2 findings by adding an overall retrospective emotion rating at the
very end of the experiment (in addition to the repeated emotion rat-
ings within the experimental block) failed. We suppose that adding
this question to the design of Study 4 did not provide the same mea-
surement as obtained in Study 2, because performing similar rat-
ings with regard to the current emotional experience multiple times
throughout the experiment, unfortunately but not unexpectedly, af-
fects how participants perform the final rating.

The emotion—performance links as demonstrated in our studies
are consistent with previous research demonstrating that positive
emotions are associated with enhanced working memory perfor-
mance (e.g., Brose et al., 2014) and negative affect with decreased
performance (Figueira et al., 2017). Importantly, these results are
correlational and as such do not allow to draw any causal implica-
tions. Based on claims and corresponding findings from field stud-
ies in applied academic contexts (e.g., Pekrun, Lichtenfeld, et al.,
2017), we find it plausible that emotions and performance are linked
through reciprocal causation, meaning that both causal directions
exist. Taking task enjoyment as an example, on the one hand, doing
well on the task causes participants to experience joy, but on the
other hand, enjoying the task also leads to participants doing well,
as it boosts their task motivation and willingness to invest effort,
and focuses their attention on the task.

As mentioned above, participants were not provided with any
feedback on their task achievement, so they did not know for cer-
tain how well or how poorly they were doing. However, participants
seemed to have a good sense of their task achievement, as they
often commented on their overall success rate and subjective suc-
cess at individual trials in Study 1, which might indicate that they
know when they have forgotten a probed item and therefore have to
guess. Further, in Study 2, results showed the better participants per-
formed relative to others, the more they reported enjoying the task
and feeling proud, and the poorer they performed relative to others,
the more they reported anger, frustration, and boredom. Studies 3
and 4 further confirmed that those emotion/performance links also
emerged on the intra-individual level. In other words, the dynamics
of participants’ emotions across the course of the experiment, as
assessed through multiple emotion ratings after short experimen-
tal sub-blocks, co-fluctuated with the dynamics of the performance
across those sub-blocks, within the participants: the better the par-
ticipants did at a certain point within the experimental block, the
better they felt at this moment, while when they performed more
poorly, negative emotions were aroused within them. In turn, as-
suming reciprocal causation, this correlative pattern also implies
that the better participants felt during task execution, the higher they
performed.

We propose that such reciprocal causation between task perfor-
mance and task emotions should result, in case of task success, in
upward spirals, and in the case of task failure, in downward spi-
rals. Specifically, we propose that those participants who truly have
higher capacity will quickly get a subjective feeling of doing well
on the task, which makes them joyous. In turn, we suppose that
this task enjoyment boosts their sense of challenge and opportunity
to perform during task, and as a result, they do even better at it. In
contrast, those participants who have lower capacity will quickly get
a subjective feeling of doing poorly on the task, which makes them
angry and frustrated. This anger and frustration will undermine their
task performance. At best, they will keep trying, complying with the

task requirement asking them to recall the correct color. However,
they may also, for the sake of emotion regulation (c.f. Gross, 2002),
re-appraise the situation and decide that doing well on the task is
not so important for them. This then may result in decreased task
commitment, which further undermines their performance.

We believe that there is an important implication of these pos-
sible reciprocally spiraling emotion-performance links which seem
to be initiated during classical VWM tasks, such as the continuous
color-report task (or even during cognitive tasks in general), due to
their strong task-inherent achievement requirement. We suggest that
thus-obtained capacity scores are dually biased due to the emotional
processes just described: They are positively biased, the higher the
true capacity, and negatively biased, the lower the true capacity, thus
resulting in an overestimation of inter-individual variability in task
performance (Vogel & Awh, 2008). This may not be the case for
every participant, as individuals may vary in responding to the task-
inherent achievement requirements, that is, in how much they value
solving the task correctly. Future research may follow up on this no-
tion we see implied by our findings by systematically exploring the
emotional responses of low versus high achievers in VWM and how
this influences VWM performance (see also Fukuda et al., 2010;
Luck and Vogel, 2013).

In sum, the present results provide substantial evidence to con-
firm earlier speculations about VWM tasks inducing certain emo-
tional experiences in participants. These task-induced emotions are
systematically linked with VWM performance and this may be
worth considering in future cognitive and VWM research. As re-
searchers, we would like participants to be more like machines
sometimes, so we can examine their “hardware” most accurately.
However, it seems that human functioning is more complex and
highly interacts with emotional experiences, so that future research
needs to account for task-induced emotions.

Context of Research

In an ongoing collaboration, we combine theories and findings
of two very different fields of study within the same discipline: ed-
ucational and general psychology. In particular, the reported study
combines ACF’s expertise in achievement emotions (e.g., Frenzel
et al., 2018, forthcoming), a construct traditionally researched in
applied academic settings, with HRL’s expertise in visual working
memory (e.g., Constant and Liesefeld, 2021; Liesefeld et al., 2020;
Liesefeld and Müller, 2019), typically researched in basic lab con-
texts. By our interdisciplinary approach, we were able to gain novel
insights into both constructs, which bear important implications for
both basic visual working memory research and applied achieve-
ment emotion research. In future research, we aim to further inspect
these implications for both fields of study.
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Supplemental Material

Information on Transcription of "Think Aloud" Proto-
cols

1. Use "P:" or "R:", respectively, to indicate that the partici-
pant/researcher is talking

2. Transcribe verbatim, except when the participant recites col-
ors. Summarize this by adding the following to the transcrip-
tion: "recites colors"

3. Pauses in participants’ monologues are not noted
4. Fillers such as "erm" do not need to be transcribed
5. Include non-verbal utterances, such as laughing or coughing,

in brackets and in italics
6. Replace names of people, towns or any other such informa-

tion with "XYZ"

Coding Scheme

Data regarding researcher questions (RQ) 1a and 1b were an-
alyzed using and inductive procedure (Mayring, 2014), as, to the
authors’ knowledge, there are no prior findings regarding these re-
search questions. Therefore, categories needed to be extracted from
the textual material itself on the basis of a predefined selection cri-
terion and level of abstraction (see Table S1 and Table S2).

RQ1a: What do participants feel when performing a
VWM task?

Selection Criterion. Select all text passages in which par-
ticipants referred to any sort of emotional states experienced during
the VWM task. Do not select any references to emotional states that
pertain to the think-aloud task (e.g., "It stresses me out to talk and
perform the task at the same time").

Level of Abstraction. Categories are formulated as specific
emotional states or personal feelings, which participants referred to
during the VWM task.

RQ1b: Which aspects of the VWM task trigger these dis-
crete emotions?

Selection Criterion. Select all text passages in which
participants explicitly referred to or hinted at reasons, sources
or processes related to the emotional states or feelings experi-
enced/perceived during the VWM task.

Level of Abstraction. Categories are formulated as spe-
cific reasons, sources or processes affecting or leading to partici-
pants’ emotional states and feelings experienced/perceived during
the VWM task.
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Table S1

Coding Scheme for RQ1a

Category Definition Anchor Examples Coding Guidelines

Anger That just makes me angry. Clear meaning
component in the text;

Multiple responses
allowed (applies to all

categories here)

Frustration It’s really frustrating

Joy
I’m enjoying this;

I was happy about that

Boredom
It’s always the same thing;
It’s starting to get boring

Tension/Nervousness It’s probably because of nerves.

Confusion I’m a bit confused.
Desperation I get desperate

Hope
I think it’s better now, I hope I’ll

do better.

Shame I’m a bit ashamed.

Disappointment
I’m disappointed when I don’t

know it (the correct color).

Uncertainty
I feel uncertain and that’s not

pleasant.

Anxiety I feel afraid of not doing it right.
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Table S2

Coding Scheme for RQ1b

Category Definition Anchor Examples Coding Guidelines

Self-expectations This isn’t really that difficult. Clear meaning
component in the text;

Multiple responses
allowed (applies to all

categories here)

VWM task is challenging
(negative sense) I’m out of my depth.

General judgement of the VWM
task

At the end of the day, it’s just
like a game.

Dissatisfaction with the VWM
task design It’s always the same thing.

Change in motivation
It doesn’t matter to me that

much anymore.

Social comparison
I’m always asking myself, if I’m

that bad or if the others
are also this bad.

Referring to missing performance
feedback

It would be interesting to
know your score.

Referring to missing time
reference

You don’t know when it’ll be
over.

VWM task is challenging
(positive sense)

I want to continue doing this
and I want to do well.

Thoughts on strategies to improve
achievement You start and build themes.
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2.2 Massive effects of saliency on information
processing in visual working memory

The corresponding manuscript was published in Psychological Science:
Constant, M., & Liesefeld, H. R. (2021). Massive effects of saliency on

information processing in visual working memory. Psychological Science,
32(5), 682–691. https://doi.org/gjk9jh
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Visual working memory (VWM) is a crucial hub in the 
processing of visual information, and its limitations are 
strongly related to general cognitive ability (Fukuda 
et al., 2010). Variation in VWM performance is typically 
interpreted in terms of some limited commodity (slots 
or resources; Cowan, 2001; Liesefeld & Müller, 2019a; 
Luck & Vogel, 2013; Ma et  al., 2014), but alternative 
interpretations exist (Emrich et al., 2017; Oberauer & 
Lin, 2017). Identifying influences on VWM performance 
is of high applied and theoretical relevance because of 
its central role in theories of visual cognition.

It has been extensively demonstrated that how well 
an object is memorized hinges on its behavioral rele-
vance, that is, on the explicit intention to favor one or 
several objects (top-down influences; Emrich et  al., 
2017; Souza & Oberauer, 2016). How VWM processing 
might differ for equally relevant objects because of 
contextual features of these objects themselves (bottom-
up influences) has been largely neglected. In fact, all 
current models assume that, apart from random varia-
tion, all equally relevant objects within a display are 

processed equally well or have the same chance of 
being processed. This assumption seems reasonable for 
highly controlled, abstract stimuli but might not hold 
for somewhat more naturalistic stimuli and for the 
everyday use of VWM in complex real scenes.

It is well known from the visual attention literature 
that factors other than top-down goals influence the 
allocation of processing resources (Awh et  al., 2012; 
Liesefeld et al., 2018; Wolfe & Horowitz, 2017). A par-
ticularly strong influence on object processing that is 
largely neglected in the VWM literature is bottom-up 
saliency. An object is salient if at least one of its features 
stands out, such as the blackness of a black sheep in a 
flock of white sheep. More technically, saliency is largely 
determined by local feature contrast (Nothdurft, 1993): 
Via lateral inhibition (i.e., at the same hierarchical level 
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of visual processing), neurons with overlapping tuning 
curves (i.e., coding similar features) mutually suppress 
each other (lateral iso-feature suppression; Li, 2002); 
the resulting net activity is highest for features that dif-
fer maximally from their immediate surroundings, 
because the respective neuronal activity receives little 
suppression. Because saliency has a strong and para-
metric influence on object processing in visual search 
(Liesefeld et al., 2016), it seems likely that salient objects 
are also prioritized for VWM processing.

In the rare cases in which the influence of object 
saliency on VWM processing has been studied, the design 
did not allow manipulating each object’s saliency inde-
pendently (Rajsic et al., 2016) or confounded saliency 
with the discriminability of the to-be-remembered fea-
ture. Klink et al. (2017), for example, had participants 
remember the orientation of Gabor gratings and manip-
ulated saliency by varying the Gabor contrast (see Fig. 
1a; see also Knops et al., 2014). In line with an effect 
of saliency, the lower the contrast, the worse the VWM 
performance. However, varying the contrast also influ-
ences the discriminability of the to-be-remembered ori-
entation because the Gabor grating increasingly merges 
with the background for lower contrasts. In fact, in 
psychophysical studies, Gabor contrast is often used to 
scale discrimination difficulty (e.g., Alvarez & Cavanagh, 
2008). These and other confounds also affect studies 
using quasinatural stimuli (which are by definition not 
well-controlled; for a review, see Santangelo, 2015). 
Nevertheless, these studies indicate that saliency has 
some influence on VWM processing.

To study the influence of saliency on VWM encoding 
under controlled conditions, we developed a task that 
deconfounds the saliency of target objects and discrim-
inability of to-be-remembered features and allows the 
researcher to manipulate each object’s saliency continu-
ously and independently (see Fig. 1b). With this novel 
task, we conducted three experiments in which partici-
pants had to remember the color of three target objects. 
These three targets were always equally likely to be 
probed but differed in saliency either within or across 
displays. Our results show a strong impact of bottom-up 
saliency on how well equally relevant objects are stored 
in VWM.

Experiment 1

Method

In many VWM studies, participants hold the colors of 
a bunch of isolated objects in mind for a short retention 
period and then have to decide whether one of the 
objects changed color in a second display (change 
detection) or reproduce the color of a probed object 

(continuous report). A wide variety of versions of this 
basic design exist, but the focus on isolated (i.e., highly 
salient) objects is common to virtually all of them (see 
Fig. 1d). To open up the VWM paradigm to the well-
controlled examination of saliency effects, we devel-
oped a novel VWM task in which we can directly, 
gradually, and independently manipulate each object’s 
saliency while keeping the discriminability of the to-
be-remembered features and the objects’ behavioral 
relevance untouched. This design also enables the use 
of modern computational models and neuroimaging 
methods.

We built on our previous experience from visual 
attention research to develop the task. In particular, 
Liesefeld et al. (2016) devised a visual search task that 
allowed a gradual manipulation of the search target’s 
saliency (see also Nothdurft, 1993) and showed that 
search becomes faster as a continuous function of target 
saliency. By placing a tilted target bar into a dense array 
of vertical nontarget bars and adapting the tilt of the 
target bar (and therefore the contrast between target 
and nontargets), we were able to control target saliency 
to any desired precision. Liesefeld et al. (2017) showed 
that in this design, processing priority (measured by 
the order of attention allocations) is almost perfectly 
determined by object saliency.

Here, we translated this design to the study of VWM 
by employing memory displays featuring a dense array 
of vertical nontarget bars into which three differently 
tilted and randomly colored target bars were placed 
(see Fig. 1b). Participants had to remember the target 
bars’ colors in order to later reproduce one of them. In 

Statement of Relevance 

The amount of visual information arriving each 
moment from our eyes is impossible to process 
to any reasonable extent by any limited system, 
and human visual processing abilities are severely 
limited indeed; the major bottleneck for visual 
processing is called visual working memory (VWM). 
Using a novel task design, we demonstrated that the 
selection problem is solved in part by preferably 
processing the most prominent objects within a 
scene. How well an object is processed in VWM is 
determined both by how much it stands out and by 
how strong the other competitors in the scene are. 
This study brings VWM research one step closer 
to the highly complex real world and reveals that 
saliency has a major impact on VWM processing 
that is easily overlooked in the traditionally very 
abstract VWM paradigm.
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order not to make color dominate the contrast (and there-
fore determine saliency), we also drew the nontarget bars 
in random (completely irrelevant) colors.

The critical deviation from previous research on 
VWM is that our displays are cluttered with irrelevant 
vertical nontarget bars. As explained above, this is nec-
essary to control the saliency of the relevant bars 
because saliency of an object depends on its relation-
ship to its immediate surroundings. This is not an arti-
ficial change to the task, though. It mimics a feature of 
the real world: Hardly any natural environment consists 
of well-isolated relevant objects, but the real world is 
cluttered with many objects that are irrelevant for the 
task at hand (e.g., Hollingworth, 2008). Also note that 
in Liesefeld et al.’s (2016) study, even targets with a 12° 

tilt (the smallest tilt employed in the present study) 
produced clear pop-out, that is, participants were able 
to almost exclusively process the target bar and com-
pletely ignore the vertical nontarget bars. Thus, the 
vertical bars are sufficiently less salient than even the 
12°-tilted bars, so that they likely do not significantly 
compete for VWM processing as distractors in other 
designs would (Liesefeld et al., 2014; Vogel et al., 2005; 
for a review, see Liesefeld et al., 2020).

Participants. For each experiment, sample size was 
determined via sequential testing with Bayes factors (BFs), 
following the recommendations by Schönbrodt and 
Wagenmakers (2018; for details, see the Supplemental 
Material available online). The critical tests determining 

Experiments 1, 2, & 3
Mixed Tilt, Cluttered Display

a

c

b

Klink et al. (2017)

Experiment 2
Same Tilt, Cluttered Display

d

Experiment 3
Mixed Tilt, Clean Display

Fig. 1. A typical example of previous manipulations of saliency and design of the present memory displays. Klink et al. (2017) had par-
ticipants remember the orientations of Gabor gratings and manipulated saliency via the gratings’ contrasts (a); note how the contrast also 
influences the discriminability of the to-be-remembered orientations. In our novel task design (b and c; Experiments 1–3), participants 
have to remember the colors of three tilted target bars to later reproduce one of these colors, and saliency is manipulated via target tilt. 
Using the same tilt for all three of the target bars in Experiment 2 (c) equated the bars’ relative saliency within each display. Removing 
the vertical nontarget bars in Experiment 3 (d) rendered all target bars highly salient (leaving only the isolated colored objects that are 
often used in studies of visual working memory).
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the stopping rule were directional (and thus conducted 
one-tailed; see https://osf.io/ktp6n for the preregistra-
tion). These tests examined whether VWM performance 
(the mean absolute angular distance between correct and 
selected response, i.e., recall error) would decrease with 
object saliency (tilt). This resulted in a sample of 10 adults 
with normal or corrected-to-normal vision (age: M = 26.3 
years, SD = 3.37; four female; all right-handed).

Procedure and design. After a 1-s fixation dot, the 
memory display (see Fig. 1b) was presented for 350 ms. 
This display consisted of a dense array of vertical nontar-
get bars among which were three differently tilted (12°, 
28°, 45°) target bars. The colors of all bars (both target 
and nontarget) were randomly chosen. Participants task 
was to remember the target bars’ color. The memory dis-
play was followed by another 1-s fixation dot (delay 
period). A response display was then presented; this dis-
play contained a color wheel and outlined placeholder 
bars at the locations of each bar from the memory display. 
One of the placeholders was filled in black to indicate 
which bar to report (hereafter, probe), and participants 
were instructed to report the color they remembered for 
that bar by using the computer mouse to select a point on 
the color wheel. After each response, a feedback line 
appeared at the correct location on the color wheel to 
show the participant the correct response (and, by impli-
cation, how far off the actual response was).

Each participant completed a total of 600 trials 
divided into blocks of 30 trials each. Each condition 
(i.e., tilt of the probe) was randomly presented 200 
times (10 times per block).

Data analysis. In addition to the t tests discussed in 
the Participants section, we report Bayes factors quantify-
ing the evidence for the alternative over the null hypoth-
esis (BF10, BF+0, or BF–0) or the null over the alternative 
hypothesis (BF01). For directional tests, we report the cor-
responding BF+0 or BF–0 (which place zero probability on 
negative or positive effects, respectively), rather than the 
undirectional BF10.

Results

As expected, our manipulation of saliency had a huge 
and reliable impact on VWM performance (see Fig. 2): 
Despite all three objects being equally relevant, recall 
error was higher for 12° probes (M = 59.07°, between-
participants 95% confidence interval [CI] = [50.04, 
68.10]) than for 28° probes (M = 41.84°, 95% CI = [32.81, 
50.86]), t(9) = 6.56, p < .001, dz = 2.07, 95% CI = [0.93, 
3.19], BF+0 = 551.51, and higher for 28° probes than for 
45° probes (M = 28.14°, 95% CI = [19.12, 37.17]), t(9) = 
4.66, p < .001, dz = 1.47, 95% CI = [0.54, 2.37], BF+0 = 
70.6. Effect sizes were so huge that despite the 

relatively small sample size (which we had defined as 
the minimum in our preregistration), the BFs indicated 
overwhelming evidence for both differences. This find-
ing demonstrates that VWM performance is strongly 
and parametrically dependent on saliency.

Fitting the data to the Zhang and Luck (2008) model 
revealed that the probability that the probed item was in 
memory (pmem) differed significantly between 12° probes 
(M = 44.08%, 95% CI = [32.25, 55.89]) and 28° probes 
(M = 68.89%, 95% CI = [57.06, 80.71]), t(9) = 6.37, p < 
.001, dz = 2.01, 95% CI = [0.89, 3.10], BF10 = 227.57, and 
between 28° and 45° probes (M = 86.41%, 95% CI = 
[74.58, 98.23]), t(9) = 4.10, p = .003, dz = 1.30, 95% CI = 
[0.42, 2.14], BF10 = 18.18 (see the Supplemental Material 
for details on the model and model parameters). How-
ever, the memory precision (as estimated in terms of the 
standard deviation of a von Mises distribution) did not 
significantly differ between 12° probes (M = 26.93°, 95% 
CI = [22.31, 31.55]) and 28° probes (M = 25.99°, 95% CI = 
[21.37, 30.61]), t(9) = 0.315, p = .760, dz = 0.10, 95% CI = 
[−0.52, 0.72], BF01 = 3.10, or between 28° and 45° probes 
(M = 23.91°, 95% CI = [19.29, 28.53]), t(9) = 1.29, p = .230, 
dz = 0.41, 95% CI = [−0.25, 1.04], BF01 = 1.68. Even though 
this evidence for the absence of an effect on memory 
precision is only moderate or indecisive, respectively, it 
is clear that potential effects on precision cannot explain 
the overwhelming evidence for an effect of saliency on 
recall error (BF+0 = 551.51 and BF+0 = 70.6).

Experiment 2

Saliency might influence VWM processing in two non-
exclusive ways. First, objects compete for VWM pro-
cessing, so the most salient object within a display is 
eventually remembered best. This effect depends on 
the object’s relation to other objects in the display, and 
we therefore refer to it as an effect of relative saliency. 
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Fig. 2. Results from Experiment 1: average recall error (i.e., mean 
absolute difference between correct responses and given responses) 
for each of the three target tilts. Error bars represent 95% within-
participants confidence intervals.
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Effects of Saliency on Visual Working Memory 5

Second, processing of more salient objects might be 
enhanced regardless of what else is in the display—an 
effect of absolute saliency. In visual search, the absolute 
saliency of a single target affects processing difficulty 
(Liesefeld et  al., 2016; Nothdurft, 1993), but little is 
known about the effects of relative saliency with mul-
tiple target objects.

Method

To disentangle the two potential effects of saliency, we 
ran an experiment that compared the mixed-tilt dis-
plays of Experiment 1 with displays containing three 
bars of the same tilt. An effect of absolute saliency 
would predict that even in displays with only 12°-tilted 
bars (12° same-tilt displays), each 12°-tilted bar is 
remembered worse than each 45°-tilted bar in 45° 
same-tilt displays. If relative saliency contributed to 
the effect of saliency observed in Experiment 1, the 
45°-tilted object was processed particularly well 
(beyond the effect of absolute saliency) by virtue of 
the other two tilted bars being less salient. Correspond-
ingly, the 12°-tilted object then was processed particu-
larly poorly because the other two tilted bars were 
more salient. By contrast, when all targets within a 
display are equally salient, the degree of VWM process-
ing should be equal for all of them. This means that 
each 45°-tilted object in a display with only 45°-tilted 
objects among vertical bars would be remembered less 
well than the 45°-tilted object competing with the 28°- 
and 12°-tilted object in mixed-tilt displays. Conversely, 
each 12°-tilted object in a display with only 12°-tilted 
objects would be remembered better than the 12°-tilted 
object competing with the 28°- and 45°-tilted objects 
in Experiment 1. Thus, demonstrating that performance 
decreases from mixed- to same-tilt displays for 45°-tilted 
objects and increases for 12°-tilted objects would con-
stitute proof of an influence of relative saliency on 
VWM performance.

In Experiment 2, the preregistered tests determining 
the stopping rule for the sequential testing procedure 
examined whether recall error would decrease with 
object saliency (as in Experiment 1) for both same- and 
mixed-tilt displays and also whether recall error would 
differ between same- and mixed-tilt displays even for 
the same probe tilt (see https://osf.io/d8t62 for the 
preregistration). We predicted an increase for 45° 
probes and a decrease for 12° probes. This resulted in 
a sample of 31 adults with normal or corrected-to-
normal vision (age: M = 26.4 years, SD = 5.44; 25 female; 
four left-handed). Experiment 2 was modeled after 
Experiment 1, with the crucial difference being that one 
of two types of memory displays could be presented 
on each trial. Mixed-tilt displays were identical to the 
displays of Experiment 1 (see Fig. 1b) in all relevant 

aspects. Same-tilt displays were similar to mixed-tilt 
displays except that the tilted bars all shared the same 
tilt (12°, 28°, or 45°).

Each participant completed a total of 600 trials 
divided into blocks of 30 trials each. Each condition 
(i.e., Type of Display × Tilt of the Probe) was randomly 
presented 100 times.

Results

The mixed-tilt condition of Experiment 2 replicated the 
results of Experiment 1 (see Fig. 3): Recall error was 
higher for 12° probes (M = 63.77°, 95% CI = [58.94, 
68.59]) than for 28° probes (M = 44.74°, 95% CI = [39.92, 
49.57]), t(30) = 10.57, p < .001, dz = 1.90, 95% CI = [1.30, 
2.49], BF+0 = 1.44 × 109, and higher for 28° probes than 
for 45° probes (M = 36.06°, 95% CI = [31.24, 40.89]), 
t(30) = 5.83, p < .001, dz = 1.05, 95% CI = [0.60, 1.48], 
BF+0 = 1.68 × 104.

Crucially, and as expected, performance was better 
for 12° probes, t(30) = 6.02, p < .001, dz = 1.08, 95%  
CI = [0.63, 1.52], BF+0 = 2.69 × 104, and worse for 45° 
probes, t(30) = −2.88, p = .004, dz = −0.52, 95% CI = 
[−0.89, −0.13], BF–0 = 11.56, in same-tilt compared with 
mixed-tilt displays. This difference was weak and unre-
liable only for 28° probes (for which we had no specific 
hypotheses, as mentioned in our preregistration; see 
https://osf.io/d8t62), t(30) = 1.57, p = .128, dz = 0.28, 
95% CI = [−0.08, 0.64], BF01 = 1.75. Indeed, VWM recall 
performance for a particular object depends on the 
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Fig. 3. Results from Experiment 2: average recall error (i.e., mean 
absolute difference between correct responses and given responses) 
as a function of display condition and target tilt. Error bars represent 
95% within-participants confidence intervals.
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object’s relative saliency with respect to the other 
objects in the scene.

Even though the effect of probed-target tilt was 
weaker for same- than for mixed-tilt displays, it was still 
present, indicating an effect of absolute saliency on top 
of the effect of relative saliency. In particular, recall error 
was higher for 12° same-tilt displays (M = 54.02°, 95% 
CI = [49.20, 58.85]) than for 28° same-tilt displays (M = 
43.29°, 95% CI = [38.47, 48.12]), t(30) = 7.79, p < .001, 
dz = 1.40, 95% CI = [0.90, 1.89], BF+0 = 2.39 × 106, and 
higher for 28° same-tilt displays than for 45° same-tilt 
displays (M = 40.19°, 95% CI = [35.37, 45.02]), t(30) = 
3.10, p = .002, dz = 0.56, 95% CI = [0.17, 0.93], BF+0 = 
18.85 (see Fig. 3). Replicating Experiment 1, results from 
the Zhang and Luck (2008) mixture model again showed 
that saliency mainly influenced pmem in both same- and 
mixed-tilt displays (see the Supplemental Material).

Computational Modeling

One might argue that the observed effects of target tilt 
are not due to differential bottom-up saliency but, 
rather, to differential fit between each object and the 
top-down attentional template used to select target 
objects (e.g., Duncan & Humphreys, 1989; Geng & 
 Witkowski, 2019). In particular, when participants look 
for tilted objects, their attentional template in our study 
might be matched best by the 45°-tilted object, followed 
by the 28°-tilted object, despite all objects being equally 
relevant. Such an attentional template might be optimal 
because it minimizes the match between the search 
template and the vertical (0°) nontarget objects, thus 
potentially minimizing interference (Geng & Witkowski, 
2019).

Method

To test how well the two conflicting explanations 
account for the data from Experiment 2, we used com-
putational modeling. In particular, we devised two 
novel models that implement the two potential accounts 
for the observed data pattern. First, the saliency model 
attempts to account for the data by a mixture of abso-
lute and relative saliency; the degree to which relative 
saliency has an influence is a free parameter estimated 
from the data (wrel). Second, the alternative optimal-
template model posits that the different target bars dif-
ferentially match the top-down template. Importantly, 
rather than deciding a priori on the value of the tem-
plate, we included template tilt as a free parameter so 
that the optimization algorithm could estimate the 
unobservable template tilt from the observed behav-
ioral data (for a detailed description of both models, 
see the Supplemental Material).

Results

Comparing the fit of both models with the data of Exper-
iment 2 (see Fig. 4), we found that the saliency model 
well outperformed the optimal-template model. In par-
ticular, the optimal-template model failed to account for 
the difference between same- and mixed-tilt displays. 
Thus, performance in Experiment 2 is best explained 
by variation in saliency. Notably, to account for the data, 
the saliency model has to assume a positive influence 
of relative saliency (wrel > 0), thus providing further 
support for this novel assumption.

Experiment 3

The model was devised after Experiment 2 was con-
ducted and analyzed to rule out the possibility (brought 
forward by a reviewer) that our data might also be 
explained by participants employing some attentional 
template. To additionally provide an empirical test with 
a priori hypotheses, we preregistered and ran Experi-
ment 3 (see https://osf.io/f9c72 for the preregistration). 
We reasoned that if differential fit between the objects 
and an attentional template explains our results, the 
effect of tilt should remain when the vertical bars are 
removed (clean displays1; see Fig. 1d) because the tilted 
bars still differentially fitted to this assumed attentional 
template. By contrast, our explanation in terms of 
saliency predicts that removing the task- irrelevant 
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Fig. 4. Predictions of our preferred saliency model (red) and the 
alternative optimal-template model (green) as a function of display 
condition and target tilt. For comparison, mean empirical data are 
plotted in gray (error bars indicate ±1 SE).
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vertical bars renders all tilted bars highly and almost 
equally salient because local feature contrast is high 
for all three bars when presented in isolation (see the 
Method section for Experiment 1). In contrast to the 
cluttered displays of Experiment 1, clean displays 
should result in a strong decrease or even a complete 
absence of the effect of tilt.

Method

Experiment 3 was conducted online (for details, see the 
Supplemental Material). The preregistered t tests deter-
mining the stopping rule for the sequential testing pro-
cedure examined whether recall error would decrease 
with object saliency in displays with vertical nontarget 
bars (cluttered displays; mixed-tilt targets as in Experi-
ments 1 and 2) and whether the effect of tilt was lower 
in clean displays compared with cluttered displays. A 
third noncritical hypothesis was that the effect of tilt 
might be fully absent in clean displays. This sequen-
tial testing procedure (for details, see the Supplemen-
tal Material and the preregistration) resulted in a 
sample of 60 adults with normal or corrected-to-normal 
vision (age: M = 25.6 years, SD = 6.20; 23 female; four 
left-handed).

Experiment 3 was modeled after Experiment 1, with 
the critical difference being that one of two types of 
memory displays could be presented on each trial. Clut-
tered displays were identical to the displays of Experi-
ment 1 (see Fig. 1b) in all relevant aspects. Clean displays 
contained only the three tilted bars (i.e., the task-irrelevant 
vertical nontarget bars were removed) but were other-
wise identical to cluttered displays. Each participant 
completed a total of 150 trials divided into blocks of 50 
trials. Each condition (i.e., Type of Display × Tilt of the 
Probe) was randomly presented 25 times.

Results

For cluttered displays, we replicated the results of 
Experiments 1 and 2 (mixed-tilt displays; see Fig. 5): 
Recall error was higher for 12° probes (M = 71.64°, 95% 
CI = [68.10, 75.18]) than for 28° probes (M = 48.56°, 
95% CI = [45.02, 52.10]), t(59) = 11.74, p < .001, dz = 
1.52, 95% CI = [1.14, 1.88], BF+0 = 2.63 × 1014, and 
higher for 28° probes than for 45° probes (M = 35.30°, 
95% CI = [31.76, 38.84]), t(59) = 6.11, p < .001, dz = 0.79, 
95% CI = [0.50, 1.08], BF+0 = 3.18 × 105. Crucially, and 
as expected, the effect of tilt decreased in clean displays 
compared with cluttered displays for 12° probes com-
pared with 28° probes, t(59) = −10.01, p < .001, dz = 
−1.29, 95% CI = [−1.63, −0.95], BF–0 = 2.69 × 104, and 
for 28° probes compared with 45° probes, t(59) = −5.06, 
p < .001, dz = −0.65, 95% CI = [−0.93, −0.37], BF–0 = 
8024.60. Finally, there was no significant effect of tilt, 

and there was even some evidence for the absence of 
this effect, in clean displays for 12° probes (M = 33.31°, 
95% CI = [29.78, 36.85]) compared with 28° probes  
(M = 31.79°, 95% CI = [28.25, 35.33]), t(59) = 1.17, p = 
.247, dz = 0.15, 95% CI = [−0.10, 0.40], BF01 = 3.71, and 
moderate evidence for the absence of an effect for 28° 
probes compared with 45° probes (M = 31.23°, 95%  
CI = [27.70, 34.77]), t(59) = 0.46, p = .650, dz = 0.06, 
95% CI = [−0.19, 0.31], BF01 = 6.41. This pattern indicates 
that the effect of target tilt is not due to differential 
match between the objects and an attentional template 
but, rather, due to variation in saliency.

General Discussion

We set out to demonstrate an influence of saliency on 
performance in a VWM task, an influence that has not 
yet been acknowledged in any current model of VWM 
processing. Experiment 1 indeed provided overwhelm-
ing evidence for the existence of this effect by showing 
that how well an object’s color is remembered is largely 
determined by how much it differs in tilt from its imme-
diate surroundings (local feature contrast). Experiment 
2 demonstrated that both relative and absolute saliency 
contribute to the effect of saliency. Finally, a newly 
devised computational model and Experiment 3 dem-
onstrated that the effect of target tilt is indeed explained 
by saliency rather than differential fit between each 
object and some attentional template. How saliencies 
of multiple relevant objects interact has—to the best of 
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Fig. 5. Results from Experiment 3: average recall error (i.e., mean 
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as a function of display condition and target tilt. Error bars represent 
95% within-participants confidence intervals.
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our knowledge—not yet been systematically examined, 
and an observation of an effect of relative saliency is 
therefore new not only for the VWM community but 
also for the visual cognition community in general.

Many theories of visual search (e.g., Duncan & 
Humphreys, 1989; Fecteau & Munoz, 2006; Liesefeld & 
Müller, 2019b, 2020; Wolfe, 2021) assume a preattentive 
spatial representation of the visual scene coding for 
relevance at each location and informing a second, 
attentive-processing stage. This assumption is needed 
to explain how second-stage focal attention can be 
allocated to the most promising objects in view without 
analyzing each object in detail first. This preattentive 
priority map is thought to be influenced by task goals 
and experiences (top-down) as well as saliency (bottom-
up). We propose that the very same priority map sup-
porting visual search might also determine VWM 
processing (Bundesen et  al., 2011; Liesefeld et  al., 
2020). Findings from the present study and those 
manipulating each object’s relevance (e.g., Emrich 
et al., 2017) can be integrated using the priority-map 
concept: Although previous studies manipulated top-
down influences, we are the first to systematically 
manipulate bottom-up contributions (i.e., saliency) to 
preattentive-priority-map activations in a VWM task.

There are many potential mechanisms by which first-
stage priority (and, thus, saliency) could theoretically 
impact second-stage VWM processing. First, it might 
influence VWM encoding directly (in particular without 
the allocation of focal attention) or via the allocation 
of an attentional resource (Emrich et al., 2017). Second, 
encoding and attention allocation could be conceived 
of as serial (one object is processed or attended after 
the other) or parallel (all objects are processed or 
attended at once; Bundesen et al., 2011; Sewell et al., 
2014). Third, priority might affect how much (if any) 
information about each object is processed or how 
much of a limited (quantized or continuous) VWM 
resource it receives (Ma et al., 2014; Vogel et al., 2006). 
Fourth, priority might additionally influence third-stage 
postselective and postencoding processes, such as how 
fast attention is disengaged from a processed object to 
continue with the next object in line (see Sauter et al., 
2021) or how well a processed object is stored (e.g., 
by attaining a special state; Oberauer & Lin, 2017; Oli-
vers et al., 2011). All kinds of combinations between 
these mechanisms seem theoretically possible, and we 
will speculate on some in turn.

Our exploratory Zhang and Luck (2008) mixture-
model analysis indicated that saliency mainly affects 
whether an item is encoded (pmem) rather than the pre-
cision of encoding (standard deviation of the von Mises 
distribution). If mixture modeling is valid (for a critical 
view, see Ma, 2018), this finding somewhat constrains 
the range of potential mechanisms by which saliency 

(as represented on a first-stage, preattentive priority 
map) is translated into VWM performance: If, at the 
second stage, all objects are processed in parallel, one 
would assume that information on each object accrues 
continually with a slower rate for less salient objects 
(e.g., Moran et al., 2016). The mixture-modeling finding 
would then indicate that an object is stored in full when 
a certain amount of information is accumulated (Bunde-
sen et al., 2011) because, otherwise, we should have 
observed an effect on memory precision. Alternatively, 
second-stage encoding might proceed serially, starting 
at the most salient target object and sometimes not 
reaching the least salient target object (Wolfe, 2021; 
e.g., because focal attention needs to be allocated 
sequentially to encode each object).

Another implication from our study is that previous 
studies might have unintentionally induced and misin-
terpreted disguised effects of saliency. Data from the 
same-tilt condition of Experiment 2 indicate that less 
information was remembered in low-saliency compared 
with high-saliency displays (the effect of absolute 
saliency). One could easily misinterpret this effect as a 
decrease in VWM capacity from high- to low-saliency 
displays. However, this would be theoretically awkward 
because a fixed limit is the core assumption behind 
both slot theories and flexible-resource theories of 
VWM alike (for an alternative, see Oberauer & Lin, 
2017). Actually, this effect recalls other findings that 
processing difficulty of an object class correlates with 
how many objects of that class can be held in VWM: 
Manipulating object complexity, Alvarez and Cavanagh 
(2004) showed that visual search rate (as a measure of 
processing difficulty) predicts VWM capacity for the 
respective object class. They argued that search rate 
and VWM capacity were related by the objects’ infor-
mational content, which would affect how long it takes 
to process each item in visual search and how much 
of the limited VWM capacity it consumes. In light of 
the present results, it seems equally likely, though, that 
the two measures are more directly related by the 
saliency-dependent ease of processing each object. For 
example, processing of the first low-saliency/high- 
complexity objects might take so long (see the third-
stage mechanisms discussed above) that on some trials, 
no time is left to process the remaining objects in the 
display (e.g., in our same-tilt displays, only two of the 
three 12° objects might have been processed on some 
trials). Crucially, in our study, this cannot be explained 
by the to-be-encoded informational content (which was 
the same for each object) but must be due to the 
saliency of the object carrying that information. Thus, 
effects of object complexity on VWM performance 
observed in earlier studies might alternatively be 
explained as effects of saliency. More complex objects 
might be less salient in their respective displays and 
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therefore take longer to process (irrespective of their 
informational content). Along similar lines, our findings 
might trigger reevaluations of further influential find-
ings from VWM studies using relatively complex 
stimuli.
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Supplement

Supplementary Methods

Participants

For each experiment, sample size was determined via se-
quential testing with Bayes factors, following the recommen-
dations by Schönbrodt and Wagenmakers (2018). This re-
cently developed sequential testing procedure with preregis-
tered hypotheses continues data collection until a pre-defined
level of evidence in terms of Bayes factors in favor of or
against each preregistered hypothesis is reached and thereby
ensures that strong evidence for either the presence or the ab-
sence of each relevant effect is gained. In our preregistration,
we set a minimum of 10 and a maximum of 60 participants in
the laboratory Experiments 1 and 2. For Experiment 3, which
was conducted online and was shorter, we set a minimum
of 20 and a maximum of 100 participants (BFs were evalu-
ated after each batch of 20 participants). We stopped testing
when sufficient evidence for either the null or the alternative
(BF ≥ 6) was reached, which was achieved for each critical
test.

All participants provided informed consent prior to the re-
spective experiment, reported normal or corrected-to-normal
visual acuity and normal color vision and were naïve as to
the purpose of the study. They received either course credits
or monetary remuneration (9 €/h) in Experiments 1 and 2.
Experiment 3 was run online and recruitment was done via
Prolific (https://prolific.co/). Participants were paid 1.50£ for
around 15 minutes of their time. All experimental procedures
were approved by the ethics committee of the Department
Psychology and Pedagogics at LMU. In Experiments 1 and
2, no participant was excluded from the analyses and two
trials of one participant (0.33%) were dropped in each ex-
periment because of a delay in memory-display offset. Three
participants of Experiment 2 had already participated in Ex-
periment 1 and three others had participated in another re-
lated experiment.1 In Experiment 3, eight participants were
excluded. As specified during recruitment, these eight partic-
ipants were not compensated and were replaced.

Stimuli

For Experiment 1 and 2, stimuli were displayed on a 24”
TFT-LCD monitor (ASUS VG248QE, 1920x1080 pixels, 60
Hz) at a viewing distance of 70 cm. The testing room was
pitch dark and there were between one and four partici-
pants in each testing session. For Experiment 1, OpenSesame
3.2.7 (Mathôt et al., 2012) with the PsychoPy backend was
used for stimulus presentation. For CIE L*a*b* conversion
to sRGB, the colormath Python package was used. Experi-
ment 2 and 3 were written in JavaScript and HTML5, using
the d3.js library for color conversion. Experiment 2 was run
in Mozilla Firefox (68.0) and the online Experiment 3 was
run on participants’ computers using various browsers. For

Experiment 3, participants’ display size and distance from
the screen were estimated via the methods of Li et al. (2020).
We used a central fixation dot (white; 0.18° in Experiments 1
and 0.16° in Experiments 2 and 3) against a gray background
(RGB: [60, 60, 60], L* = 25.3, 14.2 cd/m² for Experiment
1 and 2). The sample display consisted of 33 vertical and 3
differently tilted (12°, 28° and 45°) colored bars subtending a
visual angle of 1.30 × 0.33° each. The bars were arranged in
three concentric rings (2°, 4° and 6° radius) with respectively
6, 12 and 18 bars on each. The relevant (tilted) bars were
presented at a randomly chosen position on the middle ring.
Colors were randomly drawn from a circle in a luminance
plane of the CIE 1976 L*a*b* color space (L* = 63, center:
a* = 9, b* = 27, illuminant: D65, 2° standard observer) with
a radius of 40 (Mean ∆E2000 between two adjacent colors:
0.43). These parameters were chosen to ensure that all colors
could be mapped onto the 24-bits sRGB color space. CIE
L*a*b* is a device-independent color space based on the op-
ponent color theory that aspires to be perceptually uniform,
taking into account the specificities of the human color vision
system (for a more detailed overview, see Fairchild, 2013).
The color wheel (360 colors; randomly rotated in 30° steps)
used to give the response had a width of 0.66° and a radius
of 8°, 7.8°, or 7.1° in Experiments 1, 2 and 3, respectively.
While the mouse hovered on the color wheel, the probe dy-
namically changed color according to the mouse position.

Analysis

Our analyses focus on the mean average absolute distance
between the correct and the selected color (recall error).
For statistical analyses, JASP 0.13.1 (JASP Team, 2020) was
used with default settings for the Bayesian priors. Directed
Bayesian t tests were conducted to analyze the differences
between the different tilts. The BF quantifies the support for
a hypothesis (first subscript) over another (second subscript),
regardless of whether these models are correct. The subscript
“0” always refers to the null hypothesis (H0). When conduct-
ing undirected (two-sided) tests, the subscript “1” refers to
the alternative hypothesis (H1). When conducting directed
(one-sided) tests, instead of “1”, the subscripts “+” or “−”
were used depending on the direction of the hypothesis (H+
or H−, respectively). Throughout the results, we will report
the BF for the most favored hypothesis (e.g., if the null is
more probable, BF01 will be reported), as we find it most
intuitive to interpret.

We also conducted the traditional (frequentist) signifi-
cance tests for reference and report effect sizes (Cohen’s dz)
followed by their respective 95% CIs in brackets. Finally, as
an exploratory analysis, we fitted the data from Experiment 1
and 2 – separately per participants and condition – to the mix-

1Withholding these participants from the analyses did not influ-
ence the pattern of results.
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ture model of Zhang and Luck (2008).2 This model (which is
not without critiques, see Ma, 2018) assumes that the recall
error arises from two sources represented by two parameters.
The first parameter is the probability that the probed object
is present in memory (pmem). If the probed object is not in
memory, the response will be made randomly. If the probed
object is in memory, the second parameter reflects the preci-
sion of its representation (sd; higher sds indicate lower preci-
sion). We extracted these parameters (Table S1; using Mem-
Toolbox; Suchow et al., 2013, https://memtoolbox.org/) and
ran statistical analyses on them (Table S2). The below tables
show the results for Experiment 2; the respective analyses
for Experiment 1 are described in the main article. Due to
the low number of trials per condition (25), we did not apply
mixture-modeling to the data of Experiment 3.

Supplementary Results

Table S1

Descriptive statistics for mixture-model parameters esti-
mated from data of Experiment 2.

95% CI

Parameter Condition M SD Lower Upper

Experiment 2 – Mixed Displays
12° 40.09% 20.67 32.50 47.67

pmem 28° 66.41% 19.41 59.29 73.53
45° 75.02% 15.53 69.32 80.72

12° 29.75° 12.95 25.00 34.50
sd 28° 27.84° 10.43 24.01 31.66

45° 23.63° 4.65 21.92 25.33

Experiment 2 – Same Displays
12° 52.51% 18.71 45.65 59.38

pmem 28° 68.39% 21.67 60.44 76.34
45° 71.82% 21.94 63.77 79.87

12° 26.53° 8.60 23.37 29.68
sd 28° 27.74° 8.30 24.70 30.79

45° 26.76° 6.52 24.37 29.15

Details on Computational Modeling

Saliency model

The core of our saliency model is given by Equation 1,
which states that an object i’s total saliency (stotal) is deter-
mined by the weighted (wrel) sum of its absolute (sabs(i)) and
relative (srel(i)) saliency:

stotal = sabs(i) + wrel · srel(i) (1)

To keep the model as simple as possible, we assumed that
the degree of tilt (ti) (with respect to the non-targets) directly
translates into an object’s individual saliency (sind(i)). This
sufficiently approximates the true transfer function for the
present purposes as demonstrated by the model fit (see Ta-
ble S3 and Fig. 4 in the main document).

We implemented relative saliency as the object’s individ-
ual saliency divided by the sum of all k objects’ saliencies
(including the object’s own saliency; divisive normalization,
Bays, 2014; Liesefeld & Müller, 2021):

srel =
sind(i)∑k

j=1 sind( j)
=

ti∑k
j=1 t j

; i, j = 1, ..., k (2)

Absolute saliency was defined as the individual saliency
normalized by the maximal saliency (in the present design,
saliency would be maximal for 90° tilted bars):

sabs(i) =
sind(i)

smax
=

ti
90

(3)

Template Model

Template mismatch (di) was defined as the difference be-
tween the tilt of the template (as estimated from the data via
the free parameter tt) and the individual tilt of each object
(ti):

di = |tt − ti|; with 0 ≤ tt ≤ 180 and di ≤ 90 (4)

Model fitting

To relate total saliency to performance in the present
task (recall error averaged across participants, re) for the
purpose of fitting the models to the empirical data, we
used (out of convenience and to keep our modeling simple
and agnostic with regard to the exact mechanisms linking
saliency/template mismatch and VWM recall performance)
a power-law function with the free parameters α and β (as
we did in other contexts before, Liesefeld et al., 2016):

rei = α · stotal(i)
β (5)

If we had used the same transfer function for the template
model, a di = 0 (i.e., a perfect template match) would pre-
dict re = 0. Thus, to predict non-perfect performance even
for perfect template matches, we had to give this model ex-
tra flexibility by including an intercept term as a fourth free
parameter:

rei = α · di
β + γ (6)

2Due to a technical mistake only the response and the correct
answer were stored for Experiment 2, so that we could not apply
other, more advanced models (e.g., Bays, 2014; Oberauer & Lin,
2017; van den Berg et al., 2012).
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Table S2

Paired samples t tests on mixture-model parameters for Experiment 2.

Comparison t(30) Cohen’s dz BF Favors

Mixed displays
pmem – 12° vs. 28° −9.66*** −1.73 [−2.29,−1.17] 9.83e+7 H1
pmem – 28° vs. 45° −4.71*** −0.85 [−1.25,−0.43] 456.21 H1

sd – 12° vs. 28° 0.87 0.16 [−0.20, 0.51] 3.68 H0
sd – 28° vs. 45° 2.41* 0.43 [0.06, 0.80] 2.26 H1

Same displays
pmem – 12° vs. 28° −6.84*** −1.23 [−1.69,−0.75] 1.11e+5 H1
pmem – 28° vs. 45° −1.83 −0.33 [−0.69, 0.04] 1.19 H0

sd – 12° vs. 28° −0.68 −0.12 [−0.47, 0.23] 4.23 H0
sd – 28° vs. 45° 0.73 0.13 [−0.22, 0.48] 4.07 H0

Mixed vs. Same displays
pmem – 12° 4.38*** 0.79 [0.38, 1.19] 201.01 H1
pmem – 28° −0.73 0.13 [−0.48, 0.22] 4.09 H0
pmem – 45° 1.36 0.24 [−0.12, 0.60] 2.27 H0

sd – 12° 1.04 0.19 [−0.17, 0.54] 3.19 H0
sd – 28° 0.04 0.01 [−0.35, 0.36] 5.22 H0
sd – 45° −2.26* −0.48 [−0.85,−0.10] 3.70 H1

Note. * p < .05, ** p < .01, *** p < .001

The values of free parameters (wrel, α, and β, or ti, α, β
and γ, respectively) were determined by a simplex routine
(Nelder & Mead, 1965) as implemented as fminsearch in
MATLAB, minimizing the sum of the squared differences
between empirical and predicted recall performance (SS) per
Tilt × Display Type cell (averaged across participants).

Modeling results and interpretation

As shown in Fig. 4 of the main article, our saliency model
quite accurately reproduced the observed data pattern. This
model also accounts well for the data pattern in Experiment
3 (not shown). Notably, parameters α and β cannot affect the
predicted data pattern, because the exact same transformation
is applied to each total-saliency estimate from each cell of the
respective experimental design. That is, the only free param-
eter used to account for the observed pattern is wrel. By con-
trast, the template model failed to account for the difference
between mixed and same displays (i.e., it cannot account for
the effect of relative saliency) despite having one more free
parameter than the saliency model (i.e., despite being less
parsimonious).

Parameter estimates for the two models are given in Ta-
ble S3. It is interesting to note that the estimated template
is 42.40°, thus, quite close to the maximal target tilt (45°).
Furthermore, wrel was estimated at 0.57. A wrel considerably
above zero confirms an influence of relative saliency beyond

the influence of absolute saliency on VWM performance.

Table S3

Estimated parameters of two simple models linking either
saliency (relative and absolute) or match between each ob-
ject and an
(optimal) template to recall error in Experiment 2.

Model wrel tt α β γ SS

Saliency 0.57 – 33.32 −0.42 – 3.61

Template – 40.35 0.39 1.22 35.56 57.11
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Effects of salience are long-lived and stubborn
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Abstract

Salience is a core determinant of attentional processing. Although information on salience has
been shown to dissipate within a few hundred milliseconds, we recently observed massive
effects of salience on the delayed recall from visual working memory (VWM) more than 1300
ms after stimulus onset. Here, we manipulated presentation duration of the memory display
and found that effects of salience, albeit decreasing over time, were still markedly present after
3000 ms (2000 ms presentation; Exp. 1). In an attempt to overrule this persistent influence of
salience we made less salient stimuli more relevant (by rewarding their prioritized process-
ing in Exp. 2 or by probing them more often in Exp. 3). Participants were unable to reliably
prioritize low-salience stimuli. Thus, our results demonstrate that effects of salience or their
repercussions have surprisingly long-lasting effects on cognitive performance that reach even
relatively late processing stages and are difficult to overrule by volition.

Statement of Relevance

Objects that stand out from their surround often grasp attention. This effect of salience has
been used to avoid harm. For instance, safety equipment is often made of reflective material
with bright unnatural colors (e.g., a lifebuoy). However, previous reports of effects of salience
lasting for only a few hundred milliseconds being quickly overridden by goal-driven processes,
render this effort questionable: why bother if salience plays a role only for a glimpse? The
present study shows that effects of salience last for a long time; even after 3 seconds and more
they are not completely overridden by experience or volition. Thus, salience plays a much
larger role for human cognition than has been previously assumed.

Keywords: Saliency, Guidance, Attentional priority, Visual short-term memory

Research on visual attention and on visual search in par-
ticular has long demonstrated that the allocation of atten-
tional resources is based both on top-down and bottom-up
factors (Awh et al., 2012; Corbetta & Shulman, 2002; Wolfe,
2021). The major bottom-up factor for attentional resource
allocation is salience. Salience arises mainly from the lo-
cal feature contrast of a given stimulus and its surroundings
(Liesefeld et al., 2016; Nothdurft, 1993); stimuli with a high
level of salience subjectively stand out from their environ-
ment (Liesefeld et al., 2020; Wang & Theeuwes, 2020). It is
assumed that salience drives overt and covert allocations of
attention in the absence or in the service of a specific task
(Itti & Koch, 2001). When stimuli share the same task rel-
evance, salience determines the order of attention allocation
(Christie et al., 2018; Woodman & Luck, 1999) and, under
certain conditions, salience can even overrule task relevance
(Liesefeld et al., 2022; Liesefeld et al., 2017).

While salience is a major driving factor of attention, it
has been claimed that its effects are short-lived (Donk & van

Zoest, 2008; van Heusden et al., 2022). Specifically, these
bottom-up effects would quickly be relegated by top-down
control effects (de Vries et al., 2011; van Zoest & Donk,
2006; van Zoest et al., 2004) or, under the right conditions,
even be mitigated before their expression (Einhäuser et al.,
2008; Folk & Remington, 1998; Gaspelin & Luck, 2018).

Considering this tension between the high behavioral im-
portance of salience and the apparent short-livedness of its
effects, we’d like to point out that research on salience fo-
cuses almost exclusively on covert or overt (eye movements)
shifts of attention, which are short-lived phenomena them-
selves. Recently, we have shown that salience can influence
visual working memory (VWM), a much longer lasting cog-
nitive mechanism; we presented memory arrays with colored
bars for 350 ms and one out of 3 tilted bars was probed for
recall after a 1000-ms retention interval (see Figure 1 and
https://doi.org/jbgf). Targets differed in salience, but were
equally likely to be probed at recall thus, top-down factors
cannot be responsible for any observed effects. Still, VWM
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recall performance more than 1300 ms after the memory dis-
play onset was heavily affected by salience (Constant and
Liesefeld, 2021; see also Klink et al., 2017).

Therefore, even if effects of salience on attentional pro-
cesses and eye movements are short-lived, their repercus-
sions at later processing stages, such as VWM, might affect
behavior much more deeply than would be expected based
on the findings from the attention community alone. In fact,
VWM is considered the major cognitive bottleneck of visual
processing with effects on even later stages such as object
recognition, long-term memory formation, and action con-
trol (Liesefeld et al., 2020; Liesefeld & Müller, 2019; Rösner
et al., 2022; van Ede & Nobre, 2023), so that any effect on
VWM processing has strong implications for many cognitive
functions and applied settings.

On that background, we wanted to see how stable effects
of salience are, that is, how long after display onset they
would affect behavior (Exp. 1) and how resistant they are
against opposing top-down influences (Exps. 2 and 3). Re-
sults indicate that effects of salience are long-lived and quite
resistant to top-down manipulations.

Experiment 1

In the first experiment, we evaluated how different pre-
sentation times (14 ms — 2000 ms) would impact the ef-
fect of salience on VWM performance. Potentially, the 350
ms presentation time plus 1000 ms retention interval might
not have been enough time to see the dissipation of salience
effects observed in attentional tasks (Donk & van Zoest,
2008; van Heusden et al., 2022). We expected (preregistra-
tion: https://osf.io/byr2v) the effects of salience to decrease
with increasing presentation time (i.e., the longer an array is
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presented the less salience should affect VWM performance).

Results

The Bayesian Repeated-Measures ANOVA favored the
most complete model (Presentation Time + Tilt + Presen-
tation Time × Tilt) over all others, BFM = 1.28e+10 (For the
frequentist RM ANOVA, all ps < .001 (two main effects and
the interaction); see OSF repository for full ANOVA reports).

For each presentation time, the recall error for 12° probes
was significantly higher than for 45°, even when the array
was presented for 2000 ms (Figure 2 and Table 1; see OSF
repository for descriptive statistics).

Discussion

Experiment 1 shows that the effect of salience on VWM
performance is extremely long-lasting: even after 2000 ms
presentation and 1000 ms retention, it was not completely
relegated by top-down control. While the tilted bars all share
the same relevance, performance remains biased in favor of
the most salient bar.

Interestingly, even at the lowest presentation time (14 ms),
the most salient target was recalled quite precisely. In fact,
the recall error for 45° probes at 14 ms was lower than 12°
probes’ recall error at all presentation times but 2000 ms.
Certainly, some of the information on 45° targets was col-
lected from iconic memory after display offset (note that we
did not employ masking), but it is still impressive that the
difference in salience between 12° and 45° is worth more
than 1000 ms of presentation time in terms of VWM perfor-
mance (M45°/14 ms = 46.67° ± 2.64 lies in between M12°/1000 ms
= 53.24° ± 4.92 and M12°/2000 ms = 38.76° ± 5.14).

Experiment 2

Experiment 1 indicates that top-down control cannot over-
come the effect of salience within any reasonable time frame,
so that an ideal distribution of VWM resources across target
objects with different degrees of salience in a display can
never be achieved. An alternative explanation would be that
overcoming the effect of salience requires effort and partici-
pants were not sufficiently motivated to invest that effort. To
increase their motivation, we added a monetary reward to the
experiment and lower-salience targets were rewarded more
than higher-salience targets.

With this manipulation, participants should be highly
incentivized to focus their available resources on less
salient targets to maximize their gains. As we believe
that implementing top-down control takes more than a
few hundred milliseconds, we expected (preregistration:
https://osf.io/fxwyp) an effect of salience for displays pre-
sented for 350 ms. If top-down control can fully overrule the
effect of salience, we expect a reversal of the pattern (accord-
ing to the behavioral relevance) at 2000 ms. No performance
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Figure 1

Memory displays used in the present study.
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a) Experiment 1 b) Experiment 2 c) Experiment 3

Note. Participants had to remember the color of only the tilted target bars. They were informed that vertical bars were com-
pletely irrelevant and these bars were never probed. In the present study the presentation time of the memory array was varied,
followed by a fixed 1000 ms retention interval and a recall probe (see https://doi.org/jbgf). Participants’ task was to indicate on
a color wheel the color the probed (filled) bar had in the memory array. (a) In Experiment 1, each target (tilted bar) was equally
relevant. (b) In Experiment 2, a performance-based bonus was awarded on each trial and multiplied by a factor dependent on
target tilt (3x for 12°, 2x for 28°, 1x for 45°). (c) In Experiment 3, the probability that a target was probed depended on its tilt
(3/6 of the trials for 12°, 2/6 for 28°, 1/6 for 45°).

Table 1

Paired Samples t Tests for Experiment 1.

Presentation Time Comparison t(15) p Hedges’ gz BF+0

14 ms 12° > 28° 4.89 < .001 1.16 [0.63, 2.05] 316.33
28° > 45° 11.37 < .001 2.70 [1.88, 4.30] 2.59e+6
12° > 45° 11.56 < .001 2.74 [1.92, 4.37] 3.22e+6

49 ms 12° > 28° 5.54 < .001 1.31 [0.76, 2.26] 935.97
28° > 45° 7.66 < .001 1.81 [1.18, 2.99] 2.49e+4
12° > 45° 11.10 < .001 2.63 [1.83, 4.21] 1.94e+6

97 ms 12° > 28° 7.57 < .001 1.80 [1.17, 2.96] 2.20e+4
28° > 45° 5.95 < .001 1.41 [0.85, 2.41] 1851.30
12° > 45° 11.54 < .001 2.74 [1.91, 4.37] 3.14e+6

347 ms 12° > 28° 7.21 < .001 1.71 [1.10, 2.84] 1.30e+4
28° > 45° 3.02 .004 0.72 [0.22, 1.44] 12.36
12° > 45° 7.38 < .001 1.75 [1.13, 2.90] 1.66e+4

500 ms 12° > 28° 5.93 < .001 1.41 [0.84, 2.40] 1774.43
28° > 45° 2.45 .013 0.58 [0.09, 1.26] 4.82
12° > 45° 6.26 < .001 1.48 [0.91, 2.51] 3009.04

1000 ms 12° > 28° 4.68 < .001 1.11 [0.59, 1.97] 218.08
28° > 45° 3.29 .003 0.78 [0.28, 1.52] 19.39
12° > 45° 5.47 < .001 1.30 [0.75, 2.24] 839.64

2000 ms 12° > 28° 3.50 .002 0.83 [0.33, 1.59] 28.09
28° > 45° 1.69 .056 0.40 [−0.09, 1.02] 1.53
12° > 45° 3.52 .002 0.83 [0.34, 1.59] 29.01
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Figure 2

Results from Experiment 1.
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Note. Targets were equally task-relevant. Dotted line indicates chance level. Error bars reflect 95% within-participant confi-
dence intervals (Cousineau, 2005; Morey, 2008).

difference for the three targets at 2000 ms would indicate an
attenuation, but not a full elimination of the effect of salience.

Results

As expected, recall error was significantly higher for
12°- (63.06° ± 5.07) than 28°- (41.96° ± 3.80) probes at
350 ms presentation time, t(19) = 8.29, p < .001, gz =

1.78 [1.21, 2.76], BF+0 = 3.02e+ 5 (see Figure 3). Simi-
larly, it was also higher for 28°- than 45°- (30.20° ± 3.81)
probes at this presentation time, t(19) = 4.52, p < .001, gz =

0.97 [0.51, 1.66], BF+0 = 261.47.
Contrary to our expectation that top-down control can

overcome or at least balance an effect of salience given
enough time, at 2000 ms presentation time, recall error was
still significantly higher for 12°- (30.61° ± 2.82) compared
to 28°- (25.86° ± 3.19) probes, t(19) = 3.00, p = .004, gz
= 0.64 [0.20, 1.24], BF+0 = 13.08 and also when compared
to 45° probes (24.11° ± 2.73), t(19) = 3.39, p = .002, gz
= 0.73 [0.28, 1.35], BF+0 = 27.77. There was however no
longer a significant difference between 28°- and 45°- probes,
t(19) = 1.22, p = .119, gz = 0.26 [−0.18, 0.77], BF0+ = 1.30.

Discussion

It turns out that even when heavily incentivized to prefer-
entially process less salient targets, participants cannot over-
come the effect of salience, even at 2000 ms. Compared to
Experiment 1, the effect seems somewhat attenuated at 2000
ms, but it’s far from the reversal (better performance for the
much more valuable 12°) that should have occurred if top-
down control was able to dominate salience.

Experiment 3

It has been argued that prior experience constitutes an
even stronger influence on attention allocation than ob-
servers’ goals (Theeuwes, 2018). Specifically, if a certain
feature or location has recently been behaviorally relevant
(intertrial priming) or is, on average, more behaviorally rele-
vant across a longer time period (statistical learning), objects
with that feature or at that location increase in priority and
therefore compete more vigorously for attention allocations.
The same might be true for competition for VWM resources.

In Experiment 3, we boosted the less salient targets’ pri-
ority by increasing the probability that they would be probed
at the recall stage. As participants were told to prioritize less

Constant & Liesefeld Preprint | cb | 4
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Figure 3

Results from Experiment 2.

Note. Participants were monetarily incentivized to prioritize
processing of the least salient (12°) target. Dotted line indi-
cates chance level. Error bars reflect 95% within-participant
confidence intervals (Cousineau, 2005; Morey, 2008).

salient targets and that these were probed more often, influ-
ences from goals and experiences were aligned and should
therefore constitute a maximally strong counterforce against
salience. Furthermore, we added a third, even longer, presen-
tation duration of 3000 ms to give top-down processes even
more time to develop their full potential. We predicted (pre-
registration: https://osf.io/d7ku2) that participants would not
be able to override the salience effect for memory displays
presented for 347 ms but might be able to negate or even
reverse it with longer presentation times (2000 & 3000 ms).

Results

As expected, recall error was significantly higher for 12°-
(60.91° ± 3.92) than 28°- (44.02° ± 1.87) probes at 347 ms
presentation time (Figure 4 and Table 2). Similarly, it was
also higher for 28°- than 45°- (37.34° ± 2.75) probes at this
presentation time. At 2000 ms presentation time, recall error
was not significantly higher in 12°- (29.63° ± 3.22) com-
pared to 28°- (29.31° ± 2.20) probes, nor in 28°- compared
to 45°- (30.59° ± 3.12) probes. Finally, at 3000 ms recall er-
ror was not significantly lower for 12°- (24.50° ± 2.94) com-
pared to 28°- (27.40° ± 2.71) probes nor for 28°- compared
to 45°- (28.12° ± 2.30) probes. When comparing 12° and 45°
at 3000 ms, performance was a little better for 12° targets.

The 12° target was thus processed slightly better than the
behaviorally much less relevant 45° target (Mdiff = -3.62° ±

Figure 4

Results from Experiment 3.

Note. The least salient target (12°) was probed three times
more often than the most salient target (45°). Dotted
line indicates chance level. Error bars reflect 95% within-
participant confidence intervals (Cousineau, 2005; Morey,
2008).

4.51) but this reversal is far from convincing statistically: the
BF is in the indecisive range (BF = 1.44) indicating almost
no evidence for a difference; the p value also does not survive
FDR correction (p = .261, corrected for 9 tests; Benjamini
and Yekutieli, 2001).

To assert whether performance had reached ceiling, we
ran an exploratory paired samples t test between the mean
performance in the best condition (12°, 3000 ms) and the
mean performance in the baseline block. The mean perfor-
mance in the baseline block (M = 11.44°, 95% between-
participant CI = 1.05) was significantly better than for the
12°, 3000 ms condition, t(35) = 11.88, p < .001, gz =

1.94 [1.47, 2.64], BF10 = 9.47e+10.

Discussion

In Experiment 3, we observed weak evidence for the re-
versal expected if top-down influences can override and dom-
inate effects of salience. Yet, it took participants 3000 ms to
“implement” top-down control, which provides much leeway
for extraneous strategies to be employed (see General Dis-
cussion).

At 2000 ms presentation time, already much longer than
in typical VWM experiments, effects of salience and the top-
down effects induced in Experiment 3 seem to have hit an
equilibrium, with evidence (in terms of BFs) for the ab-
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Table 2

Paired Samples t Tests for Experiment 3.

Presentation Time Comparison t(35) p Hedges’ gz BF Favors

347 ms 12° > 28° 10.32 < .001 1.68 [1.25, 2.32] 4.73e+9 H+
28° > 45° 4.23 < .001 0.69 [0.35, 1.11] 323.82 H+
12° > 45° 9.03 < .001 1.47 [1.07, 2.06] 1.77e+8 H+

2000 ms 12° > 28° 0.15 .442 0.02 [−0.31, 0.36] 4.97 H0
28° > 45° −0.96 .828 −0.16 [−0.51, 0.17] 10.14 H0
12° > 45° −0.36 .640 −0.06 [−0.40, 0.28] 7.21 H0

3000 ms 12° < 28° −1.31 .100 −0.21 [−0.57, 0.12] 1.43 H0
28° < 45° −0.49 .314 −0.08 [−0.42, 0.25] 3.67 H0
12° < 45° −1.79 .041 −0.29 [−0.66, 0.04] 1.44 H–

sence of effects of these manipulations. It seems interest-
ing to relate this situation to the recently proposed “atten-
tional limbo” where (overt) attention allocations apparently
were not affected by either salience nor task relevance and
which occurred around 250 ms after display onset (van Heus-
den et al., 2022). By comparison, VWM performance at 350
ms presentation time (which actually manifested more than
1350 ms after display onset) was still heavily dominated by
salience.

General Discussion

In three experiments, we have tried to overcome effects of
salience on VWM performance. It has been proposed that the
effects of salience are short-lived because top-down control
replaces bottom-up orienting after a few hundred millisec-
onds (Donk & van Zoest, 2008; van Heusden et al., 2022).
In contrast to this clear prediction, our Experiment 1 showed
salience effects on VWM performance for several seconds,
that is, an order of magnitude longer than expected based on
previous work. Enhancing the relevance of less salient tar-
gets with monetary incentives (Exp. 2) or by probing them
more often (Exp. 3) did not erase effects of salience for up to
2 seconds of memory-array presentation. As task goals and
prior experience (Awh et al., 2012) were aligned in these ex-
periments, we conclude that neither of these top-down influ-
ences is able to overrule effects of salience (see also, Melcher
& Piazza, 2011). Only with 3-s presentation duration in Exp.
3 were the effects of salience slightly reversed in favor of
less salient targets. This slight reversal still indicates residual
effects of salience, because full top-down control would have
caused a strong reversal, that is, much better performance for
less salient targets.

Indeed, previous studies have shown that top-down ma-
nipulations with presentation times shorter than 2000 ms
can have strong effects on VWM performance for equally
salient stimuli (Bays et al., 2011; Dube et al., 2017; Em-
rich et al., 2017; Klink et al., 2017; Ravizza et al., 2021; see

also, Ravizza and Conn, 2022). Some of these studies have
also looked at the interplay of salience, presentation time
and top-down influences, but none of them contained a non-
confounded and direct manipulation of to-be-remembered
stimuli’s salience (for a discussion, see Constant & Liesefeld,
2021).

Although salience affected performance even at the
longest presentation times, less salient targets benefitted most
from increased presentation times. It is therefore possible
that the effect of salience could disappear with even longer
presentation time (see Klink et al., 2017, Exp. 3). However,
with such long presentation times, we likely do not measure
pure VWM anymore, as participants probably supplement
their VWM performance with other strategies such as verbal-
ization (Overkott & Souza, 2022) that might not be affected
by salience. They might also actively suppress information
on the most salient object and resample from the less salient
object, a process unlike what is traditionally assumed (or pos-
sible) in research on VWM and which probably does not play
much of a role for the rapidly changing visual stimulation in
real life.

The apparent discrepancy between our findings and Donk
& van Zoest (2008; see also van Heusden et al., 2022) can be
resolved by differentiating between direct effects of salience
on attention allocation and indirect effects on later cognitive
processes. It is possible that focal attention quickly moves
on after visiting the most salient stimulus. However, being
attended first might endow stimuli with a head start in the
race for VWM resources (Bundesen, 1990; Ravizza et al.,
2016) that is effective early on (Exp. 1, 14-ms condition) and
takes several seconds to outrun for the less salient stimuli
even when reinforced by top-down influences (Exps. 2 and
3). Thus, while the effects of salience on attention alloca-
tions might be short-lived, they have long-lasting repercus-
sions that are hard to overcome. As VWM is considered the
bottleneck for further visual and conceptual processing, these
repercussions might have even later repercussions that are yet
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to be discovered.

Materials and Methods

Participants

For each experiment, sample size was determined via sequential
testing with Bayes factors (BF), following the recommendations by
Schönbrodt and Wagenmakers (2018) with a minimum of 10 and a
maximum of 60 participants for Experiment 1 and 3, and 100 for
Experiment 2. We stopped testing when sufficient evidence for ei-
ther the null or the alternative (BF ≥ 6) was reached for each critical
test.

Stimuli, procedure & design

For Experiment 1 and 3, stimuli were displayed on a color-
calibrated (120 cd/m² D65 whitepoint) 24” TFT-LCD monitor
(ASUS VG248QE, 1920×1080 pixels, 144 Hz) at a viewing dis-
tance of 70 cm. The testing room was pitch dark and there were
between one and four participants in each testing session. OpenS-
esame 3.2.8 (Mathôt et al., 2012) with the PsychoPy (Peirce, 2008)
backend was used for stimulus presentation. Experiment 2 was
coded in HTML and JavaScript. For this experiment, screen size and
distance from the screen were estimated using the virtual chinrest
method (Li et al., 2020).

Each trial began with the presentation of a central fixation dot
(white, 0.18° radius) against a gray background (L* = 25.3, 14
cd/m²). After 1000 ms, a memory display was presented, consist-
ing of 33 vertical and 3 tilted (12°, 28° and 45°) colored bars each
subtending a visual angle of 1.30 × 0.33° (see Figure 1). The bars
were arranged in three concentric rings (2°, 4° and 6° radius) with
respectively 6, 12 and 18 bars on each. The relevant (tilted) bars
were always presented on the middle ring.

Colors were randomly drawn from a circle in a luminance plane
of the CIE 1976 L*a*b* color space (L* = 63, center: a* = 9, b*
= 27, illuminant: D65, 2° standard observer) with a radius of 40
(Mean ∆E2000 between two adjacent colors: 0.43). These param-
eters were chosen to ensure that all colors could be mapped onto
the 24-bits sRGB color space. CIE L*a*b* is a device-independent
color space based on the opponent color theory (Hering, 1964) that
aspires to be perceptually uniform, taking into account the specifici-
ties of the human color vision system (for a more detailed overview,
see Fairchild, 2013).

The memory display (duration depending on the experiment)
was followed by a delay period of 1000 ms during which only the
fixation dot was shown. A response display was then presented con-
taining a randomly rotated (30° steps) color wheel (360 colors) and
outlined placeholder bars at the location of each bar from the mem-
ory display. One of the placeholders was filled in black to indicate
which bar to report (also called probe in the rest of this paper), and
participants were instructed to report the color they remembered for
that bar by using the computer mouse to select a point on the color
wheel. The color wheel had a width of 0.66° and a radius of 8°.
While the mouse hovered on the color wheel, the probe dynamically
changed color according to the mouse position.

Analysis

Our analyses focus on the mean absolute angular distance be-
tween the correct and the selected color (called recall error in the
rest of this paper). As stated in our preregistrations, participants
with an average recall error above 80° were excluded. Unless oth-
erwise stated descriptive statistics are reported as mean ± 95%
within-participant confidence interval (Cousineau, 2005; Cousineau
& O’Brien, 2014; Morey, 2008).

Statistical analyses were performed with custom Python scripts
and validated with JASP 0.16.3 (JASP Team, 2020; Love et al.,
2019) with default settings for the priors. We did not implement the
Bayesian directed t tests nor Bayesian ANOVAs in Python, thus we
used the results from JASP. Bayesian repeated-measures ANOVAs
and planned directed Bayesian t tests (Rouder et al., 2009) were
conducted to analyze the differences between the conditions.

BayesFactors (BF) quantify the support for a hypothesis (first
subscript) over another (second subscript), regardless of whether
these models are correct. The subscript “0” always refers to the null
hypothesis (H0). When conducting undirected (two-sided) tests, the
subscript “1” refers to the alternative hypothesis (H1). When con-
ducting directed (one-sided) tests, instead of “1”, the subscripts “+”
or “–” were used depending on the direction of the hypothesis (H+
or H–, respectively). Throughout the results, we reported the BF for
the most favored hypothesis from the test we ran (e.g., if we ran a
non-directed test and the null was more probable, BF01 was reported
instead of BF10), as we find it most intuitive to interpret. We also
reported the traditional (frequentist) significance tests for reference
and the effect sizes (mainly Hedges’ gz [Hedges, 1981; Hedges and
Olkin, 1985], the unbiased equivalent of Cohen’s dz [Cohen, 1988])
followed by their 95% CI in brackets (Fitts, 2020; Goulet-Pelletier
& Cousineau, 2018, 2019).

Experiment 1

The critical tests determining the stopping rule for Experiment
1 examined whether VWM performance (recall error) would de-
crease with object salience (tilt). This resulted in a sample of 16
healthy human adults (Mean age: 26.88 ± 1.34 [s.e.m.], 9 females,
1 left-handed) who received either course credits or monetary re-
muneration (9€/h). In this and all following experiments, all partic-
ipants provided informed consent prior to the experiment, reported
normal or corrected-to-normal visual acuity and normal color vision
and were naïve as to the purpose of the study, and the experimental
procedures were approved by the ethics committee of the Depart-
ment Psychology and Pedagogics at LMU München. No participant
was excluded.

In Experiment 1, the memory display was presented for either
14, 49, 97, 347, 500, 1000 or 2000 ms and all targets were equally
relevant.

Each participant completed a total of 1050 trials divided into
blocks of 42 trials. Each condition (i.e., Tilt of the probe × Presenta-
tion time) was randomly presented 50 times (twice per block). After
each response, a feedback line appeared at the correct location on
the color wheel to show the correct response (and, by implication,
how far off the actual response was) to the participant.
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Experiment 2

In Experiment 2 the critical tests determining the stopping rule
for the sequential testing procedure examined: (1) whether the di-
rectional effect of salience was present at 350 ms presentation time
and (2) whether it disappeared at 2000 ms presentation time. This
resulted in a sample of 20 healthy human adults (Mean age: 27.40
± 1.31 [s.e.m.], 8 females, 2 left-handed). Experiment 2 was run
online (participant recruitment via Prolific) and was modeled after
Experiment 1 with two key differences:

1. There were only two presentation times: 350 ms and 2000
ms.

2. Participants received points (which were converted to a mon-
etary reward) based on their recall error and the tilt of the
probe.

For the 45° probes (base formula), the number of points awarded
decreased linearly from 8 (for a 0° recall error) to 0 (for 89° recall
error) in 90 steps. All responses with a recall error equal to or above
90° were penalized with -1 point. Crucially, in order to incentivize
prioritized processing of less salient targets, the reward and penalty
were multiplied by 2 for 28° probes (from 16 to 0, penalty = -2),
and for 12° probes they were multiplied by 3 (from 24 to 0, penalty
= -3). Participants were made aware of these multipliers at the start
of the experiment and the points earned on a given trial (rounded
to 1 decimal) were shown simultaneously with the correct response
after each trial (see https://doi.org/jbgg for an example of the task).

Participants’ base compensation was estimated for 45 minutes
of task duration and amounted to 4.5£. The monetary reward was
awarded after all participants completed the experiment and was
computed to average at 2£ (i.e., 45 % of the base compensation).
Given that participants on Prolific take part in experiments mainly
for the money, this should be a very strong incentive to bias perfor-
mance in favor of the more strongly rewarded/penalized 12° objects.

Each participant completed a total of 300 trials divided into
blocks of 50 trials. Each condition (presentation time × tilt of the
probe) was randomly presented 50 times. One participant was ex-
cluded and replaced due to poor performance (average recall error
≥ 80°), thus the final sample size was still 20 participants.

Experiment 3

In Experiment 3, the critical tests determining the stopping rule
for the sequential testing procedure examined whether the differ-
ences in recall error between the different tilts became smaller, or
even reverted, as presentation time increased. However, due to the
COVID-19 pandemic, testing had to be stopped earlier than orig-
inally planned in the preregistration and, because of a change in
affiliation, we could not resume testing in the laboratory. We can
nonetheless draw conclusions from the present results. This resulted
in a sample of 37 healthy human adults. One participant was ex-
cluded from the analyses, in accordance with the exclusion criteria
defined in our preregistration (mean recall error > 80°), thus the
final sample was composed of 36 participants (Mean age: 25.70 ±
1.31 [s.e.m.], 24 females, 6 left-handed).

Experiment 3 was again modeled after Experiment 1 with the
following differences:

1. The presentation times of the memory display were 347,
2000 or 3000 ms.

2. Less salient targets were probed with a higher probability.

In particular, the 12° tilted bar was probed on 3/6 of the trials,
the 28° bar was probed on 2/6 of the trials and the 45° bar was
probed on the remaining 1/6 of the trials. Participants were made
aware (and reminded each block) that the 12° bar was more likely
to be probed than the 28° bar and that the 28° bar was also more
likely to be probed than the 45° bar.

Each participant completed a total of 900 trials divided into
blocks of 36 trials. Each presentation time was randomly presented
300 times (12 times per block). Within each presentation time, each
tilt was probed 150, 100 or 50 times (18, 12 or 6 times per block) in
accordance with the aforementioned probabilities.

Moreover, at the end of the experiment, an additional block of
36 trials was run, in which a single vertical bar was presented 2°
above the fixation dot for 2 seconds and participants had to recall
its color. The colors of the targets were the same for all participants
(from 0° to 350° on the colorwheel, in steps of 10°) but the order of
presentation was randomized. This additional block (which we call
the baseline block) provides us with an estimate of the maximally
achievable performance for each participant.

Data availability

All analysis, experiment and data files as well as preregistrations
are available on OSF (https://osf.io/xq2ng/).
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Chapter 3

General Discussion

3.1 Summary of the findings

3.1.1 Study 1

In the present dissertation, several understudied factors of visual
working memory performance have been examined and their influence
has been evaluated. The first study (Chapter 2.1: Laybourn et al., 2022)
was conducted in collaboration with researchers from the Educational
Psychology department of the LMU München. We investigated across
four experiments with medium to high sample sizes (19, 45, 44 and 110
participants in experiments 1, 2, 3 and 4 respectively) what emotions
were induced by a visual working memory task in the laboratory, and
how these influenced visual working memory performance.

This was motivated by the feeling that we, researchers, often act as if
our participants are data-producing “machines” who perform the task
as optimally and successfully as possible. After accepting the premise
that it is not the case (in other words, that our participants are humans
with affects, even in the laboratory; Dukes et al., 2021), it becomes not so
far-fetched to imagine that participants’ emotions (and their
fluctuations during the task) can influence their visual working memory
performance, thus contributing both to the between- and
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Figure 2: Memory displays used in the different studies of this dissertation.

Study 1 Study 2 & 3
Mixed/Cluttered

displays

Study 2
Same displays

Study 2
Clean displays

(a) (b) (c) (d)

Note. (a) Memory displays of Study 1 (Chapter 2.1). In Experiment 1, there were 5targets (as shown here), in Experiments 2, 3 and 4 there were 4 or 8 square targets.(b) Mixed/Cluttered displays presented in Study 2 (Chapter 2.2) and 3 (Chapter 2.3). Thetargets each have a different orientation. (c) Same displays presented in Experiment 2 ofStudy 2. The targets share the same tilt in a given display (here 45°). (d) Clean displayspresented in Experiment 3 of Study 2. The targets do not differ in salience anymore; thecolored targets equally pop out from the gray background. Note that in (b), (c) and (d),the targets were always presented in the middle ring (eccentricity: 4 degrees of visualangle from fixation).
within-participant variability of these measurements.

The first experiment was a qualitative study, exploring what
participants felt during a visual working memory task (continuous recall
task with a set size of 5 targets, Figure 2a). The second, third and fourth
experiments were quantitative experiments also with a continuous recall
task but with a variable set size of either 4 or 8 targets (block design). In
the second experiment, emotions were assessed once at the end of the
task and significant correlations with task performance were observed,
positive emotions being associated to a better task-performance and
negative emotions to a worse task-performance. In the third
experiment, emotions were assessed at the end of each block.
Participants reported stronger negative emotions after difficult blocks
(set size 8) and stronger positive emotions after easy blocks (set size 4).
Task performance was associated with the emotions with the same
pattern as in Experiment 2. Finally, Experiment 4 was a high-powered
replication of Experiment 3 and the results were overall similar, thus
confirming that emotions induced by a visual working memory task are
linked to task-performance.
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3.1.2 Study 2

The second study (Chapter 2.2) of this dissertation was our first step to
demonstrate that the priority map concept can be used to explain (some)
variations of visual working memory performance. In this study, we
focused on the major bottom-up component of the priority map that is
salience.

For that purpose, we designed a new task inspired from the visual
search literature (e.g., H. R. Liesefeld et al., 2017), with a dense array of
vertical non-targets and three tilted targets (continuous color recall
task). This is, to our knowledge, the first study to use a memory display
where salience is not confounded with the to-be-remembered feature. In
other words, varying the salience of the targets (via their tilt) does not
affect the discriminability of the to-be-remembered feature (color; as
would for instance, increasing their size or reducing their contrast). The
memory displays were presented for 350 ms in all experiments, which is
neither particularly short nor long for this kind of task.

In the first experiment, the targets each had a different tilt (12°, 28°
and 45°, see Figure 2b) and thus a different salience. The more salient the
target was, the more precise the observers’ responses were. We
attributed this result to an effect of both absolute and relative salience;
the absolute salience of a target being its local feature contrast (i.e., how
much it pops out from the background; here from the vertical
non-targets) and the relative salience being its salience compared to the
other targets (e.g., the 12° target is less salient than the 28°). With the
second experiment, we wanted to disentangle the effects of relative and
absolute salience.

Therefore, in the second experiment, half of the memory displays
were similar to Experiment 1 with targets differently tilted (mixed
displays, unveiling relative salience) and the other half was composed of
displays where the three targets shared the same tilt (same displays,
unveiling absolute salience, Figure 2c). In the same displays, the
competition between the targets was therefore not influenced by
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salience. Experiment 2 replicated the results of Experiment 1 (which had
revealed combined effects of relative and absolute salience) but also
demonstrated that absolute salience by itself plays a role in the
distribution or availability of visual working memory resources. To
further support the differential impact of relative and absolute salience,
we also devised a computational model which showed that these results
could not be attributed to an attentional template match (Duncan &
Humphreys, 1989; Geng & Witkowski, 2019). The attentional template
theory would predict that participants search for a template (e.g., 40°)
and that the targets close to this template are found/processed more
easily than those far away.

This was further supported by Experiment 3, in which half of the
displays were cluttered mixed displays (similar to Experiment 1) and the
other half were clean mixed displays (Figure 2d) where the vertical
non-targets were removed. Consequently, each target’s salience was
equal in the clean displays (since they had no surroundings to create
salience differences). If memory performance was due to the match of
the target to an attentional template, then the performance differences
should have persisted in clean displays, which they did not.

3.1.3 Study 3

In the last study (Chapter 2.3), we examined how robust the bottom-up
effects of salience were to top-down control. All the experiments used
cluttered mixed displays only. In the first experiment, we manipulated the
presentation time of the memory display from 14 ms to 2000 ms. In
visual search tasks, a common assumption is that effects of salience are
short-lived and that top-down mechanisms can quickly override them
(Donk & van Zoest, 2008; van Zoest & Donk, 2006; van Zoest et al.,
2004). If this also applied to a visual working memory task, then the
effects of salience on performance should disappear when enough time is
provided to encode the equally-relevant targets (here for instance, with
1000 ms and 2000 ms presentation time). We observed that effects of
salience got weaker with increasing presentation times, but were still
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present even at 2000 ms. Hence, the effects of salience might not be so
short-lived after all in visual working memory tasks. In the second
experiment, we presented the targets for 350 ms or 2000 ms, but we
manipulated the targets’ relevances. We used a reward paradigm in
which more precise responses awarded more money. The relevance was
manipulated by applying a multiplier to the reward that was inversely
linked to the salience (i.e., less salient targets had a higher reward
multiplier). So, it was more beneficial for the observers to focus on the
less salient targets. However, the effects of salience persisted both with
350 ms and 2000 ms of presentation time.

As it was demonstrated in visual search tasks that experience-driven
effects are usually stronger than goal-driven ones, we designed our last
experiment with a manipulation that would also induce such an effect. In
this experiment, less salient targets were made more relevant by probing
them more often. Importantly, the participant knew that this was the
case, thus we could induce both a goal-driven effect (by virtue of the
participants’ cognizance of the manipulation) and an experience-driven
effect since observers were exposed more often to less salient probes. In
this experiment we used three presentation times, 350 ms, 2000 ms and
3000 ms, to maximize the chances to observe an effect of our
manipulations. Here, we found that the effect of salience disappeared at
2000 ms, and even slightly reversed at 3000 ms. We therefore conclude
from this study that the effects of salience on visual working memory
performance are long-lived and rather hard to get rid of, thus colliding
with some of the conclusions from the visual search literature. This
finding also reveals that visual working memory tasks can be an efficient
way to study visual attention and to expand our knowledge of the priority
map.

3.1.4 Overall summary

In short, the findings from the three studies can be shortly summarized
as such:
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1. Influence of achievement emotions: Achievement emotions
induced by visual working memory tasks are linked to task
performance. Positive emotions are positively linked and negative
emotions are negatively linked to task performance.

2. Influence of relative salience: In a dense (complex) display, the
relative salience of each target is a major predicting factor of task
performance. The more salient targets are recalled more precisely
than the less salient ones (see Fig. 2 of Chapter 2.2). In a sense, the
more salient targets are winning the competition against less salient
targets.

3. Influence of absolute salience: To remove the bias in the
aforementioned competition, we equated the targets’ saliencies and
the effects of (absolute) salience remained. Performance for displays
with more salient targets was better than for displays with less
salient targets (see Fig. 3 of Chapter 2.2). Thus, on top of winning
the competition (relative salience), how much an object stands out
from its surroundings (absolute salience) also has a strong influence
on performance.

4. Interaction between salience and encoding time: Varying the
presentation time of the memory display revealed that the effect of
salience appears almost instantaneously and remains (though
weaker) even with long encoding times (see Fig. 2 of Chapter 2.3).

5. Interaction between salience, presentation time and conflicting
task-goals: Conflicting task-goals (i.e., decreasing the more salient
targets’ relevance) were not enough to counteract the effects of
salience at relatively short presentation time. The goal-driven
manipulation remained inefficient even at long presentation times
(see Fig. 3 of Chapter 2.3), while the combined goal- and
experience-driven manipulation successfully erased the effect of
salience with long presentation times (see Fig. 4 of Chapter 2.3).
However, this merely compensated the effect of salience rather than
fully dominating it.
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3.2 Future research directions

Taking the results of Study 1 into account, it appears likely that
gamification of the visual working memory task could improve overall
performance. Indeed, this should elicit stronger positive achievement
emotions and reduce negative achievement emotions (Lei et al., 2022).
However, to date, a recent preprint (Mystakidou & van den Berg, 2020) in
which a visual working memory task was gamified showed that
gamification improved motivation but not task performance. To
empirically solidify (or disqualify) this finding, this design could be
adapted to different visual working memory tasks, while also
monitoring more closely how gamification impacts the inducement of
achievement emotions throughout the experiment.

Now that it is demonstrated that salience is a major influence on
visual working memory performance, it becomes possible to build new
theories and validate older ones, notably by adapting our novel task. For
instance, EEG data from two experiments (manuscript in preparation,
results presented in several national and international conferences)
seem to indicate that salience does not, as one might assume, impact
visual working memory only because of an attentional preference, but
might also speed up the rate at which information is encoded. It also
challenges the popular idea that the contralateral delay activity (CDA)
reflects only the number of items into visual working memory, but not
the precision of the items’ representation (Luria et al., 2016).

Our task could be combined with the pro-/anti- retro-cue paradigm
(van Ede et al., 2020) to examine whether flexible reprioritization of
targets in working memory is affected by their salience. Pre-cues could
also be used in an attempt to override or enhance the effect of salience on
a trial-by-trial basis. This pre-cue could be an attentional template
(showing the tilt of the target) or a location cue (pointing to the location
of the target). Another possibility to further understand the effect of
salience would be to reveal the display’s spatial organization before any
memory content is shown. This would minimize the chance that the
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target was simply not found on some trials and allow to disentangle the
“visual search” component of the salience effect from other components.

To conclude, the results from this dissertation can also be envisioned as
an appeal to caution. The influences that were examined here have so far
been neglected from most research, at best being relegated to a potential
source of noise and at worst being totally ignored. What I have shown here
is that these factors do have a strong impact on visual working memory
performance. The now-revealed effect of salience can provide a lens to re-
examine previous results and their interpretation, and researchers should
be cautious not to involuntarily introduce salience variations that could
prove to be a confounding factor later on.
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