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Attentional Control and Metacognitive Monitoring of the Effects of
Different Types of Task-Irrelevant Sound on Serial Recall
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3 Department of Psychology, University of Tübingen

The presence of task-irrelevant sound disrupts short-term memory for serial information. Recent studies
found that enhanced perceptual task-encoding load (static visual noise added to target items) reduces the
disruptive effect of an auditory deviant but does not affect the task-specific interference by changing-state
sound, indicating that the deviation effect may be more susceptible to attentional control. This study aimed
to further specify the role of attentional control in shielding against different types of auditory distraction,
examining speech and nonspeech distractors presented in laboratory and Web based experiments. To fur-
ther elucidate the role of controlled processes, we tested whether the detrimental effects of distractor
sounds—and their modulation by attentional control—reach participants’ awareness. We found that chang-
ing-state sound and auditory deviants in steady-state sound equally affected both objective recall perform-
ance and metacognitive confidence judgments but did not affect the accuracy of confidence judgments.
Most importantly, across four experiments, an increase of task load (visual degradation of the to-be-
remembered items) did not reduce either type of auditory distraction. A close replication of the original
modulation of the deviation effect by perceptual task load (in an online environment) even revealed a
stronger deviation effect at high task load, suggesting that the manipulation may have influenced cognitive
load and the ability to control distractor interference in memory. In line with a unitary account of auditory
distraction, the results suggest that although both types of distraction reach metacognitive awareness, they
may be equally unrelated to perceptual load and the availability of attentional resources.

Public Significance Statement
Our ability to hold information in short-term memory suffers in the presence of background sound,
but it is unclear to what extent auditory distraction depends on attentional control and metacognitive
monitoring. This study reassessed a finding, whereby the diversion of attention by deviant sounds is
reduced when the focal task becomes more difficult to process (via perceptual degradation). A series
of experiments showed that both the effect of auditory deviants and the interference by changing-
state sound is largely resistant to a manipulation of task load, indicating that distraction is not sus-
ceptible to attentional control. Nevertheless, participants appeared to be well aware of the detrimen-
tal sound effects on performance, as reflected in metacognitive confidence judgments. The findings
have important implications for theoretical accounts of auditory distraction, indicating that disrup-
tion is attributable to automatic attentional capture, which cannot be controlled despite us being
aware of it.

Keywords: auditory distraction, attentional control, deviation effect, changing-state-effect, metacogni-
tive monitoring

As most readers of this article will have experienced, mental
activities such as reading, writing, listening, or memorizing
become more difficult when extraneous sound is present in the
background. Think, for example, of trying to keep a phone number
in mind while two strangers next to you start having an argument
or while your favorite song is being played on the radio. These dis-
ruptive effects of irrelevant sound on cognitive performance may
be the downside of the general openness of the auditory system
(i.e., the ears cannot be closed) enabling continuous monitoring
and detection of potentially relevant information (e.g., Hughes &
Jones, 2001; Miller, 1974). The aim of the present study is to

Florian Kattner https://orcid.org/0000-0003-2124-2829
Donna Bryce https://orcid.org/0000-0001-8311-4457
The data of all four experiments of this study (serial recall accuracy,

confidence judgments, and monitoring accuracy aggregated for each
participant and experimental condition) are openly available as csv-files in
an Open Science Framework (OSF) repository at this link: https://osf.io/
s4ney. Additional information such as the scripts of the experimental
routines or statistical analyses can be made available upon request.
Correspondence concerning this article should be addressed to Florian

Kattner, Department of Psychology, Health and Medical University,
Olympischer Weg 1, 14471 Potsdam, Germany. Email: florian.kattner@
health-and-medical-university.de

1

https://orcid.org/0000-0003-2124-2829
https://orcid.org/0000-0001-8311-4457
https://osf.io/s4ney
https://osf.io/s4ney
mailto:florian.kattner@health-and-medical-university.de
mailto:florian.kattner@health-and-medical-university.de


investigate to what extent the detrimental effects of different types
of irrelevant sound on cognitive performance (a) depend on atten-
tional control and (b) reach participants’ conscious awareness as
reflected in metacognitive monitoring judgments. Therefore, the
degree of perceptual task-encoding load was manipulated to study
the role of attentional control as a possible shield against two dif-
ferent forms of auditory distraction, resulting from speech and
nonspeech distractor sounds: the changing-state effect and the au-
ditory deviation effect.

Interference-by-Process

Previous studies have shown that performance in short-term
memory (STM) tasks that require the maintenance of serial-
order information is particularly sensitive to the presence of
task-irrelevant speech (e.g., Colle & Welsh, 1976; Salamé &
Baddeley, 1982). Specifically, the presence of background
speech impairs the memorization of visually presented lists of
verbal items (e.g., letter or digits), even when the speech is
totally irrelevant to the memorization tasks or presented in a for-
eign language (for a short review, see Ellermeier & Zimmer,
2014). Originally, this disruptive effect of speech was explained
in terms of an automatic access of spoken information to a pho-
nological STM store, producing interference with the active
articulatory rehearsal process that is used to refresh information
in the store (Baddeley & Hitch, 1974). However, it was later
demonstrated that various temporally changing nonspeech
sounds (e.g., random tone sequences or instrumental music) also
produce distraction in verbal serial STM tasks, rendering a pho-
nological interference-by-content account at best incomplete
(Jones et al., 1999; Jones & Macken, 1993; Kattner & Mein-
hardt, 2020; Marsh et al., 2020; Nittono, 1997; Salamé & Bad-
deley, 1989; Schlittmeier et al., 2008).
According to the interference-by-process (or changing-state)

account of auditory distraction, the disruptive effects of irrelevant
sound are not attributable to phonological interference but rather
to the interference between automatically processed order cues in
the acoustical background and the maintenance of serial order in
STM (Hughes & Jones, 2001; Jones et al., 1996). More specifi-
cally, preattentively processed changes between successive audi-
tory events are assumed to provide order cues to the formation of
an auditory stream (enabling segregation and grouping in auditory
scene analysis; Bregman, 1990), which then compete with the
order of to-be-remembered items for inclusion and maintenance in
the articulatory rehearsal sequence. In line with this account, sev-
eral studies demonstrated that changing-state sounds such as
sequences of changing syllables or tones randomly varying in fre-
quency (which provide many order cues) produce more interfer-
ence in serial recall tasks than repeated syllables or tones (e.g.,
Elliott, 2002; Jones et al., 1992; Jones & Macken, 1993; Tremblay
& Jones, 1999), whereas nonserial memory tasks were found to be
largely immune to a changing-state effect (e.g., Beaman & Jones,
1997; Jones & Macken, 1993).

Attentional Capture

In contrast, attentional accounts of working memory (e.g., the
embedded-processes model; Cowan, 1995, 1999) generally
explain auditory distraction with a reorientation of attentional

resources from the relevant task items to the irrelevant auditory in-
formation (Bell et al., 2012; Elliott, 2002). Such attentional cap-
ture may occur either as the result of violations of expectations or
acoustical regularities (e.g., an unexpected beep or a sudden voice
change), or as a result of the specific meaning or goal-relevance of
the contents in irrelevant sound (e.g., taboo words or one’s own
name; Röer et al., 2013; Röer, Körner, et al., 2017). The most fre-
quently studied example of attentional capture is the disruptive
effect of a single auditory deviant in an otherwise regular (and
thus predictable) sequence of sounds, such as a sudden change in
frequency. This auditory deviation effect has been studied exten-
sively using the oddball paradigm (for a review see Parmentier,
2014), demonstrating not only disruption to memory performance
but also delayed response times in speeded classification tasks or
enhanced electrophysiological indicators of distraction (Escera et
al., 1998; Getzmann et al., 2013; Leiva et al., 2016; Parmentier,
2016; Parmentier et al., 2008, 2018; Wessel & Aron, 2013; Wessel
et al., 2016). Importantly, acoustical deviants in both steady-state
and changing-state sequences of irrelevant sound were also shown
to disrupt performance in a serial recall task (Hughes et al., 2005,
2007, 2013; Marois & Vachon, 2018; Vachon et al., 2012), sug-
gesting independent and additive effects of changing-state sound
and auditory deviants (with the deviation effect typically being
smaller in magnitude than the changing-state effect).

According to a unitary attentional account of auditory distrac-
tion (e.g., Bell, Mieth, Röer, et al., 2021), any change in a sound
should capture more attention than a repetition of the same sound
or continuous noise. Therefore, the above-mentioned changing-
state effect can be explained with the same mechanisms as the
deviation effect, that is, a diversion of attention from the focal
task, assuming that changing-state sound captures more attention
than steady-state sound (i.e., owing to habituation of the atten-
tional orienting response to repeated sounds; Bell et al., 2012,
2019; but see Jones et al., 1997).

Duplex-Mechanism Account

On the other hand, according to the duplex-mechanism account
there are two functionally distinct forms of auditory distraction
resulting from either (a) specific interference between properties
of the irrelevant sound and psychological processes required for
the focal task or (b) a more general (task-unspecific) diversion of
attentional resources from the focal task to the irrelevant sound
(Hughes, 2014; Hughes et al., 2005, 2007). More specifically, the
account posits that the changing-state effect should be restricted to
tasks that require serial-order processing, whereas sounds that are
meaningful (e.g., one’s own name; Röer et al., 2013) or contain a
violation of the predictions of the neural model (e.g., an unex-
pected change in voice; Hughes et al., 2005) should lead to an
attentional orienting response that disrupts performance on any
cognitive task requiring central attentional resources. Therefore,
the changing-state effect on serial recall is supposed to be due to
interference-by-process only, whereas the deviation effect is sup-
posed to be the result of attentional capture. In addition, it has
been argued that attentional capture (e.g., the deviation effect)
should be a form of auditory distraction that is susceptible to top-
down cognitive control (Hughes, 2014) and awareness (Hughes &
Marsh, 2019), whereas an individual should not be aware of and
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not be able to control the interference produced by changing-state
sound (see also Bell, Mieth, Röer, et al., 2021).
In line with this account, several studies observed that chang-

ing-state sound does not disrupt performance when serial rehearsal
was either prevented (through articulatory suppression; Jones et
al., 2004) or unlikely to be the memorization strategy used to per-
form the task (e.g., in the missing-item task; Beaman & Jones,
1997; Hughes & Marsh, 2020; Jones & Macken, 1993; Kattner &
Ellermeier, 2018). In contrast, attentional capture by semantic
properties or auditory deviants in irrelevant sound seems to affect
performance also in nonserial STM tasks (Hughes et al., 2007;
Kattner & Ellermeier, 2018; Marsh et al., 2018). There is also evi-
dence that high working memory capacity (thought to be a crucial
feature of cognitive top-down control) is associated with a smaller
deviation effect, but unrelated to the changing-state effect (Eller-
meier & Zimmer, 1997; Hughes et al., 2013; Sörqvist, 2010;
Sörqvist et al., 2013). Others, however, reported the changing-
state effect and the deviation effect to be equally unrelated to
working memory capacity (Körner et al., 2017). Moreover, a sim-
ple warning signal or specific foreknowledge of the distractors
was found to eliminate the deviation effect (Hughes et al., 2013;
Sussman et al., 2003), whereas foreknowledge and expectancies
did not affect the changing-state effect on serial recall (Bell et al.,
2017; Röer et al., 2015). These dissociations suggest that distrac-
tion due to changing-state sound may be less susceptible to top-
down control than attentional capture.

Task Load and Attentional Control

The influence of peripheral attentional control can also be stud-
ied by manipulating the difficulty of the focal task. In line with the
perceptual load theory (Lavie, 2005, 2010), enhanced task-encod-
ing load is expected to draw on the same perceptual or attentional
resources that are required for the processing of irrelevant sound.
Therefore, any increase in task difficulty should make it less likely
that irrelevant sound will be processed (owing to a lack of percep-
tual resources), thus reducing auditory distraction. Interestingly, it
was found that an increase of perceptual task load in the serial
recall task reduces the degree of distraction produced by semantic
properties and auditory deviants in task-irrelevant speech—but it
did not affect the changing-state effect—suggesting that the
enhanced task load may have shielded against attentional disen-
gagement from the focal task (Hughes et al., 2013; Hughes &
Marsh, 2019; Marsh et al., 2015, 2020). Hughes et al. (2013), for
example, presented task-irrelevant sequences consisting of ten dif-
ferent letters as changing-state sound, either with all letters spoken
by the same voice or with a single letter being spoken by a differ-
ent voice (the deviant), while participants were asked to remember
the serial order of visually presented digits. To manipulate task-
encoding load, the digits were either clearly visible or degraded by
adding static Gaussian visual noise. In the first two experiments,
the authors showed that the voice deviant reduced serial recall ac-
curacy with clearly visible digits, but not with visually degraded
digits, suggesting that enhanced perceptual task-encoding load
prevented the processing of the voice deviant in a stream of chang-
ing-state speech (in line with perceptual load theory; Lavie, 2005),
thus eliminating the deviation effect. However, providing a warn-
ing signal prior to the deviant eliminated its disruptive effect on
serial recall also with low task-encoding load, suggesting that the

disruptive effect is attributable to a violation of expectations
regarding the acoustical environment, which could be eliminated
through top-down cognitive control by providing foreknowledge.
In a third experiment, the authors tested the changing-state effect
and found that changing letters were more distracting than steady-
state letters (i.e., ten repetitions of a single letter), regardless of the
task-encoding load and foreknowledge condition. These results
clearly indicate that enhanced perceptual task load and cognitive
top-down control reduces the distraction produced by a single au-
ditory deviant (in an acoustical changing-state background),
whereas it did not affect the changing-state effect. Surprisingly,
the authors did not investigate the influence of task load on the
effect of a deviant in a steady-state sequence of irrelevant sound
(i.e., the deviation effect in the absence of a changing-state effect).
Therefore, the effects of task load and cognitive control could be
restricted to distraction produced by an interaction of continuous
changing-state sound and an auditory deviant. More recent studies
have shown that the auditory deviants in steady-state sound are
also less disruptive when there are enhanced demands on visual
attention (comparing a global vs. local focus of attention; Marsh et
al., 2020) and cognitive control (i.e., inhibitory control demands;
Hughes & Marsh, 2019). Others, however, reported that a manipu-
lation of task engagement using monetary incentives did not mod-
ulate the deviation effect (Bell, Mieth, Buchner, et al., 2021).

One aim of the present study is to further specify the role of pe-
ripheral attentional control in shielding against isolated types of
auditory distraction. Therefore, it was tested whether an increase
of perceptual task-encoding load selectively reduces the auditory
deviation effect also in the absence of changing-state sound (i.e.,
when the deviant is presented in a steady-state sequence of irrele-
vant sounds), while not affecting the interference produced by
changing-state sound. In addition, we investigate whether the
attentional control of the deviation effect is restricted to speech
distractors or generalizes to nonspeech sound (i.e., sequences of
steady-state and changing-state tones; see Elliott, 2002; Jones et
al., 1999; Jones & Macken, 1993; Marsh et al., 2020; Tremblay &
Jones, 1998). As such, we aim to establish the boundary conditions
of such a shielding effect of attentional control and thus further
constrain the duplex-mechanism account.

Metacognitive Monitoring

Another goal of the present study is to determine whether par-
ticipants are consciously aware of the differential effects of audi-
tory distractors, and their modulation by attentional control, on
memory performance. Under the duplex-mechanism account it has
been suggested that participants should be aware of the impact of
an auditory deviant on their memory performance but not of the
impact of changing-state sound (Hughes & Marsh, 2019). Further,
one could speculate that if people were aware of the detrimental
effect of auditory deviants, they may be more inclined to increase
top-down cognitive control to reduce their impact. To investigate
conscious awareness, we collected trial-by-trial metacognitive
monitoring judgments and measured their accuracy (how well par-
ticipants’ subjective perception of their performance matched their
objective performance) across different experimental conditions.

Some previous studies have assessed monitoring judgments and
monitoring accuracy in memory tasks including either auditory
distraction or perceptual degradation. Bell, Mieth, Röer, et al.
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(2021) recently reported two studies in which they assessed partic-
ipants’ metacognitive beliefs, prospective judgments, and retro-
spective reports about the impact of changing-state sound and
auditory deviants on serial recall performance. Their findings
offered no support for the hypothesis that people are aware of the
effect of auditory deviants but not of changing-state sound.
Instead, they observed that after experiencing the auditory stimuli,
participants could report that changing-state sequences disrupted
memory recall more than auditory deviants (via both trial-by-trial
prospective judgments and global retrospective judgments). They
interpreted this as counter evidence to the duplex-mechanism
account. The present study complements theirs by collecting trial-
by-trial retrospective judgments and aiming to assess whether par-
ticipants are aware of the previously reported sparing of their per-
formance when an auditory deviant occurs under high task load
conditions. In line with the duplex-mechanism account, both the
disruptive effect of an auditory deviant and its modulation by task
load, but not the changing-state effect, should be reflected in meta-
cognitive confidence judgments. In contrast, according to a unitary
attentional account of auditory distraction, the two effects should
be equally reflected in confidence judgments.
Further, assessing whether monitoring accuracy differs between

different auditory distraction conditions, as is done here, may offer
a more fine-grained evaluation of the hypothesis that participants
are ‘more aware’ of the impact of auditory deviants than chang-
ing-state sounds. Beaman et al. (2014), for instance, found that
task-irrelevant speech impaired not only memory performance in a
recognition paradigm but also monitoring accuracy. Röer and col-
leagues focused specifically on metacognitive processes during se-
rial recall under conditions of auditory distraction and found that
the subjective rating of the distractibility produced by changing-
state sound depended on the participants’ metacognitive beliefs
(i.e., expectations), whereas their objective serial recall accuracy
did not (Röer, Rummel, et al., 2017). This suggests that partici-
pants may not have very accurate introspections about the impact
of auditory distraction on their performance. Here we test whether
trial-by-trial monitoring accuracy will be worse in the changing-
state and auditory deviant conditions as compared with the steady-
state condition. With regard to perceptual degradation in recall
tasks, it has been found that monitoring accuracy was compro-
mised when stimuli were degraded in an effortful listening condi-
tion (Amichetti et al., 2013). Consistent with this observation, we
also expect that using trial-by-trial monitoring judgments will
uncover poorer monitoring accuracy in the high perceptual task-
load than the low task-load condition, regardless of the irrelevant
sound condition.

Experiment 1

Method

Participants

A power analysis (using the wp.rmanova() function from the
WebPower package for R; Zhang & Yuan, 2018) based on the pre-
viously reported effect size for the crucial modulation of the devia-

tion effect by task load (corresponding to Cohen’s f̂ = .76; see
Hughes et al., 2013, Exp. 1, p. 542), revealed that a minimum sam-
ple size of N = 26 is required to demonstrate the interaction with a

statistical power of 1 � b = .95 (a = .05). In addition, the power
analysis showed that a minimum sample size of N = 22 is required
to demonstrate the main effect for disruption by the presence of a

deviant (f̂ = .83), whereas a minimum effect size of N = 9 partici-
pants is required to demonstrate the main effect for a disruption by
changing-state sound which is not expected to depend on task load

(f̂ = .83; see Hughes et al., 2013, Exp. 3a, p. 546). Hence, we
started with a sample size of N = 26, but data collection was contin-
ued in batches of 10 participants until the Bayes factors (see Data
Analysis for further details) provided conclusive evidence either for
(BFInteraction / BFTwo main effects . 7) or against (BFTwo main effects /
BFInteraction . 7) a modulation of the deviation effect by task load
(i.e., referring to the likelihood of a model containing the interaction
between sound and task load).

With this Bayesian stopping rule, 36 participants (22 women
and 14 men) were recruited collaboratively at the University of
Kassel, the Technical University of Darmstadt, and the University
of Tübingen (thus exceeding the sample size of N = 27 in Hughes
et al., 2013; Exp. 1). Ages ranged between 19 and 45 years (M =
24.7; SD = 6.0). The data of two additional female participants
with extremely poor serial recall performance (less than two digits
recalled on average) were not included in the analyses. All partici-
pants reported normal hearing and normal or corrected-to-normal
vision. Student participants were compensated with course credits
or payment (10e per hour).

Apparatus and Stimuli

The experiment was conducted in quiet, dimly lit, sound-attenu-
ated listening booths (at University of Tübingen and Technical
University of Darmstadt, respectively). Visual stimuli were pre-
sented on a 17-in. LCD monitor, and participants were seated at
approximately 60 cm viewing distance. Sounds were played via
headphones (Beyerdynamics DT-990 or Sony MDR-XD200). The
experimental routines were programmed in MATLAB (Math-
works, Natick, MA) utilizing the Psychophysics toolbox 3.0 exten-
sions (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997).

The visual to-be-remembered items were 2843 256-pixel images
of black digits (from the set of 1 to 9) on white background. Static
Gaussian noise of either low (Var = 1) or high variance (Var = 18)
was added to the image (using the function ‘imnoise’ in MATLAB)
on trials with low or perceptual high task-encoding load, respec-
tively. An illustration of a digit in the low and high task-encoding
load condition is provided in the Appendix (Figure A1).

Recordings of the letters A, E, G, I, K, L, T, and U, each spoken by
a female voice, were presented via headphones as task-irrelevant sound
at approximately 65 dB(A). Each recording (44.1 kHz) had a duration
of 1 s with the utterance covering about 500 ms in the middle of the
signal. On a steady-state trial, a single letter was drawn randomly from
the set of eight letters and played thirteen times (one letter per second).
On a changing-state trial, 13 letters were drawn randomly with replace-
ment from the set of eight letters. Deviant trials were identical to a
steady-state trial except that one letter at a randomly drawn position in
the second half of the sequence (uniformly distributed between the
positions 7 and 12) was replaced by a different letter. An additional
analysis was conducted in which the position of the deviant was dicho-
tomized into early deviants occurring during the presentation of the
to-be-remembered digits (letter positions 7–9) or late deviants occurring
during the retention interval (letter positions 10–12).
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Design and Procedure

A 3 (sound: steady-state, changing-state, steady-stateþ deviant)3 2
(task load: low, high) within-subjects design was implemented with 20
repetitions in each experimental condition. After reading the instruc-
tions, participants started with two practice trials (one with low and one
with high task load, and with a randomly assigned irrelevant sound).
Data of the practice trials was not included in the analysis. Participants
then completed 120 trials with the order of sound and load conditions
randomized for each run of 6 successive trials. Short breaks could be
made after every block of 25 trials (i.e., after trial 25, 50, 75, and 100).
Each trial started with the 1-s presentation of a warning signal, that is, a
blue square decreasing in size. A random sequence of eight unique dig-
its (from 1–9) was then presented on the screen at a rate of one digit/s,
followed by a 5-s retention interval showing a blank gray screen. Irrele-
vant sound was presented during both the digit presentation and the
retention interval (i.e., for 13 s). After the retention interval, a numeric
pad was shown on the screen, and participants were asked to click the
eight digits in correct serial order. Entered responses could not be cor-
rected, and no feedback on the recall accuracy was provided. After all
digits had been entered, participants were asked to judge their confi-
dence in the accuracy of their response (“Please indicate how sure are
you that the digits you entered are correct”:) by clicking on a 7-point
Likert scale ranging from very uncertain to very certain.

Data Analysis

Analogue strategies of data analysis were pursued for all four experi-
ments. Metacognitive monitoring accuracy was calculated as robust
c-rank correlation coefficients between the confidence judgments and
recall accuracy for each participant and experimental condition (using
the R package RoCoCo; Bodenhofer et al., 2013; Bodenhofer & Kla-
wonn, 2008). Serial recall accuracy, confidence judgments and meta-
cognitive monitoring accuracy were analyzed initially with a 3 (sound:

steady-state, steady-state þ deviant, changing-state) 3 2 (task load:
low, high) repeated-measures analyses of variance (ANOVA). In case
of a significant main effect of sound or a significant interaction, the spe-
cific effects of auditory distraction were further analyzed with separate
ANOVAs of the changing-state effect (steady-state vs. changing-state)
and the deviation effect (steady-state vs. steady-stateþ deviant). For all
effects, generalized eta squared (hG

2) is reported as a measure of effect
size (as recommended by Bakeman, 2005). Additional Bayesian
ANOVAs were conducted to estimate the likelihood of different mod-
els with main effects and interaction terms (using the BayesFactor
package for R; Rouder et al., 2012). For these analyses, standard
Cauchy-distributed priors were specified with a width of r = .5 for fixed
effects and r = 1 for random effects, respectively. The estimated Bayes
factors BF10 indicate the likelihood of an initial model containing a
main effect of sound relative to the null hypothesis (intercept only). For
additional main effects and interaction terms, BF10 refers to the likeli-
hood of a model including the additional effect and the previously
reported effects (e.g., both main effects of sound and task load) relative
to the null hypothesis. Bayes factors BF10 greater than 3 are typically
considered as moderate evidence for the alternative hypothesis (i.e., the
alternative hypothesis is more than three times as likely as the null hy-
pothesis given the present data), whereas a BF10 lower than 1/3 may be
considered as moderate evidence for the null hypothesis (see Jeffreys,
1961; Morey et al., 2016; for more details on the quantification of evi-
dence). Below, the resulting Bayes factors will be reported together
with the respective effects of the frequentist ANOVA.

Results

Serial Recall Accuracy

Figure 1a illustrates the average recall accuracy as a function of
task-encoding load and irrelevant sound. Changing-state speech

Figure 1
Serial Recall Accuracy, Subjective Confidence, and Monitoring Accuracy During Different Types of Irrelevant
Sound in Experiment 1

Note. (a) Mean serial recall accuracy (proportion correct) in Experiment 1 as a function of the type of task-irrelevant speech
played during maintenance of digits presented visually with low or high task-encoding load, (b) confidence judgments of serial
recall accuracy, and (c) monitoring accuracy (gamma correlations between accuracy and confidence) in the same experimental
conditions. Error bars depict standard errors of the mean. See the online article for the color version of this figure.
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clearly impaired serial recall, as compared with steady-state
speech. In contrast, a deviant in a steady-state stream of sound
appeared to produce less distraction. A 3 (sound) 3 2 (task load)
repeated-measures ANOVA confirmed a significant main effect of
sound, F(2, 70) = 16.99;MSE = .003; p , .001; hG

2 = .023; BF10 =
6937.59 6 .02%, with lower recall accuracy on trials with chang-
ing-state speech (M = .62; SD = .17), compared with trials with
steady-state speech (M = .68; SD = .13) and steady-state speech
containing a deviant (M = .66; SD = .15). Separate analyses con-
firmed a significant changing-state effect on serial recall accuracy
(steady-state vs. changing-state), F(1, 35) = 26.07; MSE = .002;
p, .001; hG

2 = .034; BF10 = 44559.9, but did not reveal a significant
deviation effect when all deviants (early and late) were included in
the analysis (steady-state vs. steady-state with deviant), F(1, 35) =
3.21; MSE = .001; p = .082; hG

2 = .003; BF10 = .099. There was also
a significant main effect of task load, F(1, 35) = 13.30; MSE = .006;
p = .001; hG

2 = .015; BF10 = 4035640 62.47% (likelihood of a
model with two main effects), with higher recall accuracy at low
load (M = .68; SD = .15) than at high load (M = .64; SD = .15). How-
ever, there was no interaction between sound and load, F(2, 70) =
1.48; MSE = .003; p = .234; hG

2 = .002; BF10 = 69347.62 61.98%,
providing strong evidence against a modulation of auditory distrac-
tion by task-encoding load (i.e., the stopping rule; note that the Bayes
factors indicate that a model with main effects of sound and task load
is about 58.2 times more likely than a model with the two main
effects and the interaction). Hence, the degree of auditory distraction
on serial recall was not affected by task-encoding load.
Because the separate analyses above revealed no evidence for

disruption by the auditory deviant, the deviation effect was further
analyzed as a function of whether the deviant occurred early in the
sequence (during presentation of the to-be-remembered items) or
late (during the retention interval; note that no Bayesian ANOVA
was conducted due to the reduced number of observations). For
early deviants, there was a significant deviation effect, F(1, 35) =
4.24; MSE = .003; p = .047; hG

2 = .004 (with deviant: M = .66;
SD = .15 vs. without deviant: M = .68; SD = .13), as well as a
main effect of task load, F(1, 35) = 12.48; MSE = .003; p = .001;
hG

2 = .021, but this early deviation effect was not modulated by
task load, F(1, 35) = .99; MSE = .005; p = .327; hG

2 = .002. In con-
trast, for the late deviants, there was only a main effect of task
load, F(1, 35) = 12.78; MSE = .008; p = .001; hG

2 = .028, but the
presence (vs. absence) of a deviant did not affect recall accuracy,
F(1, 35) = .40; MSE = .004; p = .531; hG

2 , .001 (with deviant:
M = .67; SD = .16 vs. without deviant: M = .68; SD = .13). There
was also no interaction in case of late deviants, F(1, 35) = .05;
MSE = .008; p = .820; hG

2 , .001.

Monitoring Judgments and Accuracy

Confidence judgments of serial recall are illustrated in Figure 1b,
and they also seem to be sensitive to both the type of irrelevant
sound and the task load. A 3 (sound) 3 2 (task load) repeated-
measures ANOVA confirmed this observation with a significant
main effect of sound, F(2, 70) = 23.75; MSE = .112; p , .001,
hG

2 = .018; BF10 = 38933.48 6 .02%, demonstrating lower confi-
dence on trials with changing-state speech (M = 3.56; SD = 1.09)
than on trials with steady-state speech (M = 3.94; SD = 1.11), and
steady-state speech with a deviant (M = 3.79; SD = 1.20). Follow-
up analyses confirmed that confidence was sensitive to both

changing-state sound, F(1, 35) = 39.39; MSE = .066; p , .001;
hG

2 = .030; BF10 = 3565687 62.24%, and the presence of an audi-
tory deviant, F(1, 35) = 8.92; MSE = .043; p = .005; hG

2 = .004;
BF10 = 7.48395 65.38% (Bayes factor refers to the likelihoods of
models with main effects of the respective sound conditions and
task load, which was 15.44 and 17.87 times more likely than the
interaction model for the changing-state and deviation effect,
respectively). Confidence judgments were also subject to a main
effect of task load, F(1, 35) = 10.50; MSE = .307; p = .003, hG

2 =
.011; BF10 = 26367383 61.66% (low load: M = 3.89; SD = 1.14;
high load: M = 3.64; SD = 1.13). However, consistent with the
objective measure of recall accuracy, there was No Sound 3 Task
Load interaction on confidence judgments, F(2, 70) = .19; MSE =
.090; p = .825; hG

2 , .001; BF10 = 159099.5 61.7% (i.e., the
model with an additional interaction term is about 165.73 times
less likely than the model with only two main effects). This pat-
tern suggests that subjective confidence in recall accuracy is sensi-
tive to distraction by both changing-state sound and auditory
deviants, regardless of task-encoding load.

The effect of an auditory deviant on confidence judgments was
also analyzed as a function of the position of the deviant in the
sequence of irrelevant sound. For early deviants, confidence differed
significantly between trials with (M = 3.77; SD = 1.19) and without
a deviant (M = 3.94; SD = 1.11), F(1, 35) = 9.77; MSE = .105; p =
.004, hG

2 = .005, as well as between low (M = 3.98; SD = 1.15) and
high task load (M = 3.73; SD = 1.18), F(1, 35) = 8.23; MSE = .284;
p = .007, hG

2 = .012, but there was no interaction, F(1, 35) = .03;
MSE = .111; p = .855, hG

2 , .001. In contrast, for the late deviants
presented during the retention interval, there was only a main effect
of task load, F(1, 35) = 6.47; MSE = .279; p = .016, hG

2 = .009, but
no significant deviation effect, F(1, 35) = 3.46; MSE = .154;
p = .071, hG

2 = .003, and no interaction, F(1, 35) = .12; MSE =
.122; p = .728, hG

2 , .001. This pattern indicates that participants’
monitoring is sensitive enough to detect that the disruptive impact
of deviants is restricted to ‘early’ deviants presented during the
encoding phase.

Monitoring accuracy was high, with a grand mean of .59 (SDc =
.16) for the c correlation, p, .001. Correlations in the different sound
and load conditions are illustrated in Figure 1c. A 3 (sound)3 2 (task
load) repeated-measures ANOVA on monitoring accuracy (c correla-
tions) revealed no main effect of sound, F(2, 70) = .01; MSE = .051;
p = .909, hG

2 = .001; BF10 = .02 6 .03%, and no significant main
effect of task load, F(1, 35) = 2.70; MSE = .032; p = .1097; hG

2 =
.007; BF10 = 1566.402. However, there was a significant and
highly likely interaction between task load and sound, F(2, 70) =
3.86; MSE = .036; p = .026, hG

2 = .021; BF10 = 1.05·1017 6 2.73%,
suggesting that monitoring accuracy on trials with a deviant
increased at low task-encoding load (see Figure 1c).

Discussion

The presence of changing-state speech clearly impaired serial
recall accuracy in Experiment 1, as compared with steady-state
speech, and this effect did not depend on whether the to-be-
remembered items were presented with low or high task-encoding
load. Interestingly, the presence of an auditory deviant in a
sequence of steady-state speech disrupted serial recall only when
presented early during the encoding of the to-be-remembered
items, but not when it was presented later during the retention
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interval. However, in contrast to previous findings (Hughes et al.,
2013), this deviation effect did not attenuate with increased task-
encoding load. Obviously, this pattern of results is not consistent
with the duplex-mechanism account (Hughes, 2014; Hughes et al.,
2005) which predicts that the deviation effect should be more sen-
sitive to task load than the changing-state effect. A closer look at
the data of Experiment 1 indicates that an increase in task load
may have affected serial recall accuracy primarily in the steady-
state speech condition (see Figure 1a), which suggests that
enhanced task load reduced the ability to ignore even repeated
speech sounds. It could be speculated thus whether the previously
reported small steady-state effect on serial recall (Bell et al., 2019)
may be sensitive to attentional control, leading to more disruption
by steady-state sound in case of high task load. As a consequence,
both the changing-state effect (i.e., the difference between chang-
ing-state and steady-state sounds conditions) and the deviation
effect (i.e., the difference between deviant and steady-state condi-
tions) in the present experiment could have been reduced at high
task load just because the level of performance in the steady-state
control condition was lower. Hence, it is possible that an increase
of the deviation effect (i.e., a greater difference in performance
between deviant and steady-state at high task load) has been
masked by the task-load effect on steady-state performance.
In addition to its effect on STM, task-irrelevant changing-state

speech also affected the participants’ metacognitive confidence
judgments regarding their performance in the serial recall task.
Furthermore, confidence judgments reflected the disruptive effect
of an auditory deviant presented during encoding, with confidence
being higher on trials that did not contain a deviant. Although task
load was also reflected in confidence judgments (lower confidence
with increased task load), neither effect of the presence of an audi-
tory distractor on subjective confidence depended on task-encod-
ing load, thus mirroring the data pattern in objective recall
accuracy. Given that all effects in serial recall performance were
reflected in confidence judgments, it is not surprising that there
was a high gamma correlation between recall accuracy and confi-
dence judgments in this experiment (i.e., high relative monitoring
accuracy). Interestingly, we observed that metacognitive monitor-
ing accuracy was higher on trials with an auditory deviant under
low task load than on deviant trials under high task load. As this
finding was rather unexpected, its reliability was assessed in
Experiments 2 and 3.
As expected, the results suggest that enhanced attentional con-

trol did not shield against the disruptive effect of changing-state
sound. Although the overall deviation effect was not significant in
Experiment 1, the disruptive effect of early deviants (those pre-
sented during encoding) was not alleviated by enhanced atten-
tional control either. This suggests that the deviation effect may
not depend as much on perceptual task load as previously sug-
gested (Hughes et al., 2013, Exp. 1–2), and that both the chang-
ing-state effect and the deviation effect may be equally unrelated
to cognitive control (and driven by automatic attentional capture;
Bell, Mieth, Buchner, et al., 2021; Körner et al., 2017). To test this
interpretation, and assess the generalizability of the effects
observed in Experiment 1, we conducted two additional experi-
ments with increased statistical power: Experiment 2 employed
nonspeech sounds as auditory distractors, and Experiment 3 was a
web-based close replication (with some necessary extensions) of
Experiment 1.

Experiment 2

To investigate the generalizability of the disruptive effects of
(a) changing-state sound and (b) steady-state sequences with devi-
ants on serial recall and metacognitive monitoring, we presented
nonspeech sounds (i.e., tone sequences) as auditory distractors in
Experiment 2. The same manipulations of visual task-encoding
load as in Experiment 1 were used to test the susceptibility of dis-
traction to attentional control.

Method

Participants

Because no modulation of auditory distraction by task load was
observed in Experiment 1 (there was Bayesian evidence against an

interaction), the original effect size of the interaction (f̂ = .76) may
have been overestimated. In addition, as the deviation effect pro-
duced by nonspeech distractors (as well as its modulation by task
load) may be even smaller than for speech distractors, we reduced
the hypothetical effect size for the interaction by at least a third. A
sensitivity analysis of statistical power revealed that an increased
sample size of N = 53 participants is required to demonstrate a

reduced effect size of f̂ = .50 for the modulation of the deviation
effect by task load with a statistical power of 1 – b = .95 (a = .05).

Fifty-three participants (41 women and 12 men) were recruited
at the University of Kassel and at Technical University of Darm-
stadt. Ages ranged between 18 and 40 years (M = 22.4; SD = 4.0).
All participants reported normal hearing and normal or corrected-
to-normal vision. Student participants received course credits as a
compensation.

Apparatus and Stimuli

The apparatus was the same as in Experiment 1. The to-be-
remembered stimuli (digits) were the same as in Experiment 1. To
manipulate task-encoding load, either low or high visual noise was
added to the stimuli (see Figure A1 in the Appendix). The only
difference to Experiment 1 were the task-irrelevant stimuli. Instead
of spoken letters, sequences consisting of 52 sinusoid tones vary-
ing in frequency from 261.63 Hz to 523.25 Hz in semitone steps
were presented as task-irrelevant sound in Experiment 2. Each
tone had a duration of 100 ms, including 10-ms rise and fall times
with cosine-shaped envelopes. The tone sequences had a total du-
ration of 13 s (i.e., covering the digit presentation and retention
interval), with a new tone being presented every 250 ms. For the
changing-state trials, 52 tones were drawn with replacement from
the full set of 13 frequencies, whereas a single random tone was
repeated 52 times on steady-state trials. The deviant trials were
identical to the steady-state trials except for one randomly drawn
tone in the second half of the sequence and before the end of the
presentation of the to-be-remembered items (i.e., uniformly dis-
tributed between tone position 26 and 32) being replaced by a ran-
dom tone with a different frequency. As such, in contrast to
Experiment 1 all deviants can be considered early deviants (i.e.,
presented during the encoding phase).

Design and Procedure

As in Experiment 1, a 3 (sound)3 2 (load) within-subjects design
was implemented with 20 repetitions per experimental condition,
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resulting in a total of 120 trials. There were two additional practice
trials at the beginning of the experiment. The participants’ task was
to recall the series of eight visually presented digits in correct serial
order while ignoring the tones played via headphones. At the end of
each trial, participants were asked to rate their confidence in serial
recall accuracy using the same scale as in Experiment 1.

Results

Serial Recall Accuracy

Figure 2a illustrates serial recall accuracy in Experiment 2. A 2 3
3 repeated-measures ANOVA revealed a significant and highly likely
main effect of sound, F(2, 104) = 18.16;MSE = .003; p, .001; hG

2 =
.011; BF10 = 769.20, but no main effect of load, F(1, 52) = .45;
MSE = .002; p = .506; hG

2 , .001; BF10 = 23.7561.14% (likelihood
of a model with two main effects), and no interaction, F(2, 104) =
.88; MSE = .003; p = .419; hG

2 = .001; BF10 = .19 64.33% (likeli-
hood of a model with two main effects and an interaction). Follow-
up analyses revealed a significant and very likely changing-state
effect, F(1, 52) = 25.78; MSE = .002; p , .001; hG

2 = .016; BF10 =
4509.79, but no deviation effect, F(1, 52) = 3.55; MSE = .001; p =
.065; hG

2 = .001; BF10 = .08.

Monitoring Judgments and Accuracy

Figure 2b illustrates the confidence judgments in Experiment 2.
As in Experiment 1, confidence was higher under conditions of
steady-state sound (M = 3.86; SD = 1.06) than under conditions of
changing-state sound (M = 3.64; SD = .98), with confidence on trials
with a deviant tone being in between (M = 3.75; SD = 1.02). This
difference in confidence judgments was confirmed by a significant
main effect of sound, F(2, 104) = 7.44; MSE = .177; p = .001; hG

2 =
.008; BF10 = 8.55 6 .01%, whereas there was no significant main

effect of task-encoding load, F(1, 52) = 2.98; MSE = .131; p = .090;
hG

2 = .001; BF10 = .92 68.98% (likelihood of a model with two
main effects), and no interaction, F(2, 104) = .81; MSE = .145; p =
.447; hG

2 = .001; BF10 , .01 61.5% (it is about 1,350 times more
likely that there is only a main effect of sound). Follow-up analyses
again revealed that confidence judgments clearly reflected awareness
of the impact of changing-state sound, F(1, 52) = 13.24; MSE =
.100; p = .001; hG

2 = .012; BF10 = 151.89, and there is also some fre-
quentist evidence for metacognitive awareness of the auditory devi-
ant, F(1, 52) = 4.04;MSE = .08; p = .050; hG

2 = .003; BF10 = .27.
As in Experiment 1, confidence judgments correlated significantly

with serial recall accuracy (Mc = .60; SDc = .16; p , .001). As can
be seen in Figure 2c, the accuracy of confidence judgments varied
much less between experimental conditions than in Experiment 1. A
3 3 2 repeated-measures ANOVA revealed no significant main
effect of sound, F(2, 104) = 2.36; MSE = .037; p = .099; hG

2 = .010;
BF10 = 4.58 · 1011 6 .01%, no main effect of load, F(1, 52) = .73;
MSE = .035; p = .397; hG

2 = .002; BF10 = 1.58 · 1012 61.44% (i.e.,
a model with two main effects was 3.45 times more likely than a
model with only a main effect of sound), and no interaction between
sound and load conditions, F(2, 104) = .12; MSE = .034; p = .884;
hG

2 , .001; BF10 = 3.03 · 1010 65.55% (i.e., an interaction model is
about 52.20 times less likely than a model with two main effects).

Discussion

Experiment 2 demonstrated that changing tone sequences
clearly disrupted serial recall performance as compared with
steady-state tone sequences (in line with previous studies; e.g.,
Jones et al., 1999; Jones & Macken, 1993) and that enhanced task
load did not shield against the disruptive effect of changing-state
tones. In contrast to Experiment 1, a single deviant tone presented

Figure 2
Serial Recall Accuracy, Subjective Confidence, and Monitoring Accuracy During Different Types of Irrelevant
Sound in Experiment 2

Note. (a) Mean serial recall accuracy (proportion correct) in Experiment 2 as a function of the irrelevant tones played during
maintenance of digits presented visually with low or high task-encoding load, (b) confidence judgments of serial recall accuracy,
and (c) monitoring accuracy (gamma correlations between accuracy and confidence) in the same experimental conditions. Error
bars depict standard errors of the mean. See the online article for the color version of this figure.
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early during the encoding phase did not significantly disrupt serial
recall in Experiment 2. However, also in contrast to Experiment 1,
the visual degradation of to-be-remembered items also had no
overall effect on serial recall performance, which might suggest
that the manipulation of task-encoding load was not successful (it
can only be speculated that the processing of visually degraded
digits may be less demanding in the presence of nonspeech sound
than in the presence of speech sound). This of course limits our
interpretation of the impact of attentional control on either effect
of auditory distraction.
Interestingly, participants’ subjective confidence in their perform-

ance was lower both when changing-state tone sequences or an audi-
tory deviant was presented (though there was no Bayesian evidence
for the latter effect), as compared with when steady-state tone sequen-
ces were presented. This may suggest that metacognitive judgments
of performance are more sensitive to small disruptive effects (such as
the deviation effect with nonspeech stimuli) than objective recall ac-
curacy. Consistent with objective performance, a manipulation of
task-encoding load had no effect on confidence judgments, indicating
that subjective confidence varies with task load only when there is an
impact on recall accuracy. In addition, although the accuracy of confi-
dence judgments was high across all conditions in Experiment 2 (i.e.,
it correlated well with recall performance), there was no evidence for
an effect of either task-irrelevant sound or task-encoding load on
metacognitive monitoring accuracy. Taken together with Experiment
1, there is little evidence of auditory distraction affecting the accuracy
of metacognitive monitoring. It is very well possible that the selec-
tively improved monitoring accuracy for deviants at low load, which
was observed in Experiment 1, may have been due to imprecisions
with a smaller sample size. Therefore, an aim of a third experiment
was to replicate the possible effects of different types of irrelevant
speech on serial recall and metacognition.

Experiment 3

The aim of Experiment 3 was to test the reliability of the results of
Experiment 1 with enhanced statistical power. Owing to the restric-
tions during the COVID-19 pandemic, it was not possible to run the
experiment in the laboratory. Therefore, a web-based experiment was
developed, with participants running the tasks online using their own
computers at home. To reinvestigate the changing-state effect and the
auditory deviation effect on serial recall and metacognitive monitoring
judgments with irrelevant speech sounds, the presence of (a) chang-
ing-state speech and (b) a presumably more effective nonspeech devi-
ant (a pure tone) in steady-state speech was contrasted with steady-
state speech background. In addition, a quiet control condition was
added in Experiment 3 allowing us to control whether participants
were listening to the irrelevant sounds, or whether they had removed
the headphones (using catch trials). Moreover, the inclusion of a quiet
condition allows us to additionally test for the small steady-state effect
on serial recall and metacognitive monitoring (Bell et al., 2019).

Method

Participants

A sensitivity analysis of statistical power was conducted, assum-

ing a further reduced effect size of f̂ = .45 for the modulation of the
deviation effect by task load. This reduced effect size estimate was

considered appropriate because (a) the effect size might be smaller
in an online experiment than in the laboratory and (b) a higher num-
ber of to-be-excluded participants was expected in case of online
experimentation. The analysis revealed that a sample size of N = 66
is required to demonstrate the interaction with a statistical power of
1 – b = .95 (a = .05).

Sixty-six participants (51 women, 15 men) were recruited
simultaneously at the University of Tübingen and at Technical
University of Darmstadt to take part in an online experiment. Ages
ranged between 18 and 54 years (M = 21.3; SD = 4.7). All partici-
pants reported normal hearing and normal or corrected-to-normal
vision. Student participants who completed the entire task received
partial course credit as compensation.

Before starting the experiment, all participants confirmed that
the task will be completed alone in a dimly lit room using either a
desktop or laptop computer. They also confirmed that they were
not expecting interruption for about 60 min and that their cell-
phone was turned off during the task.

Apparatus and Stimuli

The experiment was programmed in PsychoPy (Peirce, 2007,
2008; Peirce et al., 2019) and converted to a PsychoJS (JavaScript)
program, which could be run online on the Pavlovia server
(https://pavlovia.org/). Participants were permitted to complete the
experiment only with a keyboard using either a desktop or a laptop
computer (not with a tablet or smartphone). In addition, partici-
pants were instructed not to use loudspeakers, but to wear head-
phones for the experiment. Based on self-report, 42.4% of all
participants used over-ear or on-ear headphones (21.2% each),
43.9% used in-ear headphones, and the remaining 13.6% used ear
buds.

The stimulus materials were similar to the ones used for Experi-
ment 1. The same to-be-remembered visual displays of digits were
presented in the online experiment. For the irrelevant sound condi-
tions, twenty unique steady-state and twenty unique changing-state
sequences were created, each consisting of twenty 700-ms record-
ings of letters spoken by a female voice (B, F, G, K, L, M, S, T).
All sounds were converted from wav to mp3 format. Five deviant
trials were created by replacing one randomly chosen letter
between the fifth and eighth position of a steady-state sequence
(i.e., between 3.5 s and 6.3 s after the onset of the to-be-remem-
bered sequence) with a 659 Hz tone (700 ms) as the auditory devi-
ant. As such, all deviants were presented during processing of the
to-be-remembered digits (i.e., during encoding). In addition to the
experimental conditions from Experiment 1, there were 10 quiet
trials with no background sound.

Procedure

The experiment started with a headphone-screening test to
ensure that participants were using headphones and had the vol-
ume set to an appropriate level (Woods et al., 2017). At the begin-
ning, participants were asked to wear their headphones and to
adjust the volume of their computer to a comfortable level while
continuous pink noise (RMS level .10) was presented. The head-
phone-screening test was a three-alternative forced choice task
with three 200-Hz tones presented successively. Each tone was
presented in stereo for a duration of 1000 ms together with an or-
ange square showing the number “1,” “2,” or “3.” The first square
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was presented 4° to the left, the second in the center, and the third
4° to the right. A 500-ms interstimulus interval (and a blank
screen) followed each tone. The level of one tone was 6 dB lower
than the level of the two other tones. One of the two louder tones
had the phase reversed between the left and right channels (in case
of loudspeakers, this phase reversal was expected to reduce the
SPL in air, thus making it more difficult to detect the low-intensity
tone; see Woods et al., 2017). After the third tone was presented,
participants were asked to indicate which of the three tones was
quieter than the other two by pressing the respective number key
on their keyboard. The headphone test was completed if at least
five correct responses were given within a six-trial block. If fewer
than five responses were correct, the test continued with the next
six-trial block until either a minimum of five correct responses
were made within a block or the fifth block was completed. If the
headphone test was not passed within five blocks, a message was
shown on the screen, telling the participant that the study was ter-
minated because the audio system was likely to be insufficient to
proceed (they were allowed to restart the experiment though). Oth-
erwise, the experiment continued with the serial recall task.
The procedure of the serial recall task was analogue to Experi-

ment 1. On each trial, eight digits were drawn randomly without
replacement from 1–9 and presented sequentially on the screen.
After a fixation triangle (1,000 ms), each digit was presented for
800 ms each and followed by a 200-ms interstimulus interval (i.e.,
one digit per second). For all but the quiet trials, irrelevant sound
composed of twenty spoken letters was played during both the
digit presentation and the subsequent 6-s retention interval. After
the total trial duration of 14 s, a response matrix consisting of the
numbers 1–9 was shown on the screen and participants were asked
to click the order of digits (using a mouse). The sequence of
entered digits appeared below the matrix, and participants could

not correct their responses. After the eighth digit, participants
were asked to indicate their recall confidence on a 7-point scale
ranging from very uncertain to very certain. For motivational pur-
poses during this web-based experiment, text feedback was then
presented for 1 s reporting the number of correctly recalled digits
before the next trial started.

The digits were presented with high and low task-encoding load
(see Figure A1 in the Appendix) on 45 trials each. Within each
load condition, steady-state and changing-state sound were each
presented on fifteen trials, steady-state sound with the auditory
deviant was presented on five trials, and there were 10 silent trials.
The resulting 90 trials were presented in full random order. Partici-
pants could take a short break after the 22nd, 45th, and 68th trial.
At the end of six randomly chosen catch trials, participants were
asked to press the “j” (or “n”) key to indicate whether they had
heard a sound during the trial (or not).

Results

Data Processing

To make sure that the headphones were not taken off during the
task, data were included only for participants who responded cor-
rectly in at least five of six catch trials (indicating whether they
heard a sound). Because six participants failed this selection crite-
rion and an additional six participants did not complete the full
experiment, the following results are based on the remaining sam-
ple of N = 54 participants (42 women; Mage = 21.5 years, SDage =
5.0 years).

Serial Recall Accuracy

Figure 3a illustrates the accuracy during the online serial recall
task of Experiment 3. It is obvious that changing-state speech

Figure 3
Serial Recall Accuracy, Subjective Confidence, and Monitoring Accuracy During Different Types of Irrelevant
Sound in Experiment 3

Note. (a) Mean serial recall accuracy (proportion correct) in Experiment 3 (online) as a function of the irrelevant sound played
during maintenance of digits presented visually with low or high task-encoding load, (b) confidence judgments of serial recall ac-
curacy, and (c) monitoring accuracy (gamma correlations between accuracy and confidence) in the same experimental conditions.
Error bars depict standard errors of the mean. See the online article for the color version of this figure.
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clearly disrupted serial recall compared with steady-state speech,
which in turn disrupted performance compared with the quiet con-
dition. Moreover, steady-state speech with an auditory deviant (a
single sine tone) impaired performance to a similar degree as
changing-state speech did. However, although overall performance
appears to be lower in the high-task load condition, neither type of
auditory distraction seems to depend on task load.
A 4 (sound) 3 2 (task load) repeated-measures ANOVA con-

firmed these observations with a significant main effect of sound,
F(3, 159) = 36.63; MSE = .006; p , .001; hG

2 = .079; BF10 =
61890.95. As in Experiment 1, there was also a significant main
effect of task load, F(1, 53) = 19.26; MSE = .010; p , .001; hG

2 =
.024; BF10 = 915201.3 6 1.09% (likelihood of model with two
main effects), with higher recall accuracy at low load (M = .66;
SD = .12) than at high load (M = .62; SD = .12). The Sound 3
Load interaction was not significant and unlikely, F(3, 159) =
1.79; MSE = .007; p = .152; hG

2 = .004; BF10 = 47424.8 62.8%
(i.e., a model with two independent main effects is 19.30 times
more likely than the interaction model), indicating that auditory
distraction (changing-state, deviation, and steady-state effects) did
not depend on task-encoding load.
Separate analyses revealed a significant changing-state effect,

F(1, 53) = 21.15; MSE = .002; p , .001; hG
2 = .035; BF10 = 2.61

(inconclusive Bayesian evidence; a model containing also the
main effect of load is 9.48 times more likely), with impaired serial
recall during changing-state speech (M = .60; SD = .12), compared
with steady-state speech (M = .64; SD = .12). There was also a sig-
nificant deviation effect, F(1, 53) = 15.37; MSE = .003;
p , .001; hG

2 = .027; BF10 = 1.20 (inconclusive Bayesian evi-
dence; the most likely model containing two independent main
effects of sound and load is 5.22 times more likely), with disrupted
performance in the presence of an auditory deviant in steady-state
speech (M = .60; SD = .13). The disruptive effect of steady-state
speech compared with the quiet control condition (M = .70; SD =
.13; and see Figure 3a) was also significant, F(1, 53) = 28.18;
MSE = .003; p, .001; hG

2 = .048; BF10 = 9.01 (i.e., the most likely
model with only a main effect of sound: steady vs. quiet).

Monitoring Judgments and Accuracy

Figure 3b illustrates the confidence judgments in the different
experimental conditions of Experiment 3. As in the previous
experiments, 4 (sound) 3 2 (task load) repeated-measures
ANOVA revealed a significant main effect of sound, F(3, 159) =
44.92; MSE = .294; p , .001, hG

2 = .101; BF10 = 8853884 6 0%,
with lower confidence on trials with changing-state speech (M =
3.45; SD = .73) than on trials with steady-state speech without (M =
3.80; SD = .81) or with an auditory deviant (M = 3.56; SD = .83).
Confidence was highest in the quiet control trials (M = 4.24; SD =
.93). The ANOVA also revealed a main effect of task load, F(1, 53) =
13.36; MSE = .469; p = .001, hG

2 = .017; BF10 = 36490999 61.19%
(low load: M = 3.88; SD = .82; high load: M = 3.64; SD = .77), but
again no interaction between task load and sound, F(3, 159) = 1.06;
MSE = .240; p = .367, hG

2 = .002; BF10 = 1240202 63.62% (i.e., a
model with only main effects is 29.42 times more likely than the inter-
action model).
Further analyses revealed a significant difference in confidence

between changing-state and steady-state sound, F(1, 53) = 38.77;
MSE = .088; p , .001; hG

2 = .052; BF10 = 13.45, between steady-

state with and without an auditory deviant, F(1, 53) = 10.21; MSE =
.153; p = .002; hG

2 = .022; BF10 = .83, and between steady-state
and quiet trials, F(1, 53) = 33.86; MSE = .150; p , .001; hG

2 =
.059; BF10 = 31.58.

The average robust c-rank correlation between confidence judg-
ments and recall accuracy in Experiment 3 was Mc = .58 (SDc =
.15) and differed significantly from zero, p , .001 (see Figure 3c).
As in Experiment 2, a 4 (sound)3 2 (task load) repeated-measures
ANOVA on c correlations revealed no main effect of sound, F(3,
159) = .33; MSE = .088; p = .803; hG

2 = .002; BF10 = .01, no main
effect of task load, F(1, 53) = 3.96; MSE = .111; p = .052, hG

2 =
.010; BF10 = .81, and no interaction, F(3, 159) = .78; MSE = .097;
p = .504; hG

2 = .005; BF10 , .001. Thus, the previous observation
of enhanced monitoring accuracy in case of a deviant and low
task-encoding load (see Experiment 1) could not be replicated in
this online experiment with enhanced statistical power and using a
different (presumably more effective) type of auditory deviant.
Moreover, none of the auditory distractors used in Experiment 3
impaired monitoring accuracy compared with a quiet control
condition.1

Discussion

Experiment 3 was a web-based investigation of the disruptive
effects of different types of irrelevant sound on serial recall, confi-
dence judgments, and monitoring accuracy. The results show that
the presence of both irrelevant changing-state speech and an
acoustically distinct auditory deviant (a sine tone) in steady-state
speech disrupted serial recall compared with plain steady-state
speech and silence. Moreover, in line with previous observations
(Bell et al., 2019), a significant steady-state effect could be
observed in the present online experiment, with disrupted perform-
ance during steady-state speech compared with a quiet control
condition (see Figure 3a).

Consistent with our interpretations of the previous experiments,
all three types of auditory distraction were found to be insensitive
to manipulations of task-encoding load. Hence, the results suggest
that the disruptions produced by both changing-state sound and au-
ditory deviants (as well as the steady-state effect) cannot be modu-
lated easily through peripheral attentional control (i.e., an increase
of perceptual task load). In principle, this result might indicate that
all types of auditory distraction are based on automatic attentional
capture, and that an individual has very limited attentional control
over the disruptive sound effects (see Bell, Mieth, Buchner, et al.,
2021; Körner et al., 2017; Röer, Körner, et al., 2017).

However, metacognitive judgments also indicate that partici-
pants were very well aware of the disruptive effects, thus casting
doubt on the automaticity assumption of such an account. Again,
the irrelevant sound effects on objective performance were mir-
rored in participants’ metacognitive confidence judgments, which
were lower in case of more disruptive sounds (changing-state and
deviation effects) and in case of high task load. In addition, even
the presence of steady-state speech was found to lead to lower
confidence judgments as compared with quiet trials, indicating

1We note that the correlations in the quiet condition (and in the deviant
condition) were based on a smaller number of trials than in the steady-state
and changing-state conditions, which may have reduced reliability (see the
larger error bars in these conditions in Figure 3c).
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that participants are also aware of the relatively small disruptive
effect of repeated speech sounds. In line with the previous experi-
ment, there was no indication that either type of auditory distrac-
tion or task-encoding load affected the trial-by-trial precision of
these metacognitive monitoring judgments.

Experiment 4

Given that the attenuation of the deviation effect by increased
task load (Hughes et al., 2013, Exp. 1) had not been replicated
across three experiments, a fourth experiment was conducted as a
close replication of the original experiment. Therefore, we gener-
ated analogue stimulus materials and used exactly the same proce-
dures except that—owing to pandemic-related shutdown of the
laboratory—the experiment was conducted in a web-based envi-
ronment. In the terminology used in Experiments 1 to 3, this
experiment contrasted the disruptive effects of changing-state
sequences of spoken items with changing-state sequences that con-
tain an auditory deviant (the deviant was a single speech item pre-
sented in a different voice). Because this was intended to be a
close replication of the original experiment, no confidence judg-
ments were collected.

Method

Participants

Forty-two participants (32 women, 10 men) were recruited at
the University of Tübingen. Ages ranged between 19 and 56 years
(M = 22.1; SD = 5.6). This sample size would be sufficient to dem-

onstrate an interaction effect of f̂ = .57 (which would be only 75%
of the effect size in the original experiment; Hughes et al., 2013;
Exp. 1) in a simple 2 (deviant)3 2 (task load) design with a statis-
tical power of 95% (a = .05). All participants reported either nor-
mal (n = 23) or corrected-to-normal vision (n = 19), and no
participant reported hearing impairment. Before starting the task,
all participants confirmed that they were working on a desktop
computer or laptop alone in a dimly lit room without interruption
for about 60 min and that their cellphone was turned off.

Apparatus and Stimuli

The experimental routines for the different online tasks of
Experiment 4 (pilot experiment, headphone screening task, serial
recall task) were written in PsyToolkit syntax (Stoet, 2010, 2017).
As in the original study (Hughes et al., 2013, Exp. 1), the to-be-

remembered items consisted of the digits 1–8, which were pre-
sented visually on the screen in random order (without replace-
ment). On half of the trials, the digits were clearly visible and in
half of the trials uniformly distributed visual noise was added
(with an R script) to the JPEG images of the digits in black font on
a white background (converting 50% of the 284 x 256 pixels to
black or white), thus creating similar percepts as in the original
study (see Figure A2 in the Appendix). The digits were presented
in an online pilot experiment to ten participants who did not partic-
ipate in the main experiment (8 women, 2 men; age: M = 30.7;
SD = 7.1 years). The pilot experiment consisted of 256 trials, with
each digit being presented 16 times without and 16 times with vis-
ual noise. Participants were asked to classify the digits as even or
odd digits as quickly and as accurately as possible by pressing the

“A” or “L” key, respectively. Consistent with the original study,
the results confirmed that the response times were significantly
faster without visual noise (M = 574 ms; SD = 55 ms) than with
visual noise (M = 613 ms; SD = 51 ms), t(9) = �9.12; p , .001.
Accuracy of classification responses was high and did not differ as
a function of task-encoding load (without noise: M = 91.0%; SD =
5.1% vs. with noise: M = 90.7%; SD = 5.8%), t(9) = .31; p = .76.

The to-be-ignored sound consisted of the same list of ten spoken
letters (A, B, C, G, J, K, L, M, Q, and S) as in the original study.
The letters were pronounced as in the German alphabet and each
letter was spoken by a male and a female German speaker using a
monotone voice. Each letter recording had a duration of 500 ms,
which was twice the duration that was reported for the English
spoken letters in the original study (Hughes et al., 2013, p. 542)—
note that some adjustments were made to the timing of the
sequence to match the original procedure (see below). Changing-
state sequences without a deviant were created by concatenating
the ten letters spoken by the same voice in random order. There
was a 150-ms gap of silence after each letter, resulting in a total
sequence duration of 6.5 s. For the sequences with a deviant, the
sixth letter was replaced by the same letter in the other voice.

Design and Procedure

Before starting the serial recall task, all participants had to pass
the headphone-screening test which was identical to the one in
Experiment 3 (but programmed in PsyToolkit).

The serial recall experiment had a 2 (deviant: absent, present) 3
2 (task-encoding load: without noise, with noise) within-subjects
design. As in the original study, there were two blocks of 45 trials,
one with the letters spoken by a female voice and one with the let-
ters spoken by the male voice. Each block contained 39 trials with-
out a deviant and six trials with the sixth letter being presented in
the deviant voice. For each block and sound condition, half of the
trials (i.e., 19/20 trials without a deviant in the male/female voice
block, and three deviant trials) were presented with low load
(clearly visible digits) and half of the trials (i.e., 19/20 trials with-
out a deviant in the female/male voice block, and three deviant tri-
als) were presented with high load (digits with visual noise).

Each digit was presented on the white screen for 350 ms, fol-
lowed by a blank 450-ms interstimulus interval, resulting in a total
duration of 6.4 s for the to-be-remembered sequence. The
sequence of irrelevant letters started 150 ms before the first digit.
With these timing parameters (which are identical the original
study), the deviant letter would start 100 ms prior to the onset of
the fifth to-be-remembered digit (see Figure 4 for an illustration of
the relevant and irrelevant sequence), which is very close to the
position of the deviant reported by Hughes et al. (2013, p. 542;
“125 ms before the fifth to-be-remembered item”). Another 1,500
ms after the offset of the last to-be-remembered digit, a response
grid with the digits 1–8 was presented on the screen and partici-
pants were asked to click the eight digits in the order they were
presented. The clicked sequence of digits was presented on the
screen below the response grid. As in Experiments 1 and 2, no
feedback on recall accuracy was presented to participants.

Results

Serial recall accuracy on trials with and without a voice deviant
is illustrated in Figure 5 as a function of task-encoding load. As
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can be seen, there was a deviation effect at high task load (i.e.,
with visually degraded digits), but not at low task load. This find-
ing was confirmed by a 2 (deviant) 3 2 (load) repeated-measures
ANOVA, revealing inconclusive Bayesian evidence, but a signifi-
cant main effect of sound (presence vs. absence of deviant), F(1,
41) = 8.62; MSE = .005; p = .005; hG

2 = .011; BF10 = .37, a signifi-
cant main effect of task load, F(1, 41) = 5.83; MSE = .005; p =
.020; hG

2 = .008; BF10 = .10 61.31%, as well as a significant inter-
action between sound and task load, F(1, 41) = 6.01; MSE = .005;

p = .019; hG
2 = .007; BF10 = .04 61.81% (we note that the Bayes-

ian ANOVA suggests that a model with a main effect of sound
only is about 9.48 times more likely than the interaction model,
whereas neither model is more likely than the intercept-only
model, thus rendering the Bayesian statistics inconclusive). The
significant interaction reflects the fact that serial recall accuracy
was affected by the presence of a deviant under high visual task-
encoding load, F(1, 41) = 13.86; MSE = .005; p = .001; hG

2 = .039;
BF10 = .95 (Bayes factor inconclusive), but not under low task-
encoding load; F(1, 41) = .15; MSE = .005; p = .697; hG

2 , .001;
BF10 = .23.

Discussion

Experiment 4 was designed as a close replication of the modula-
tion of the deviation effect by task load reported by Hughes et al.
(2013, Exp. 1) with sufficient statistical power. Specifically, the
disruptive effect of infrequent trials with changing-state sound
containing a voice deviant was contrasted with changing-state
sound not containing a deviant when the to-be-remembered visual
digits were either clearly visible or degraded by visual noise. In
the original study, an increase in task load eliminated the deviation
effect, and this effect has been interpreted in terms of a reduction
of perceptual load (Lavie, 1995, 2005, 2010; Murphy et al., 2016),
which would be required for the perceptual-attentional system to
process the deviant sound. However, the results of Experiment 4
did not replicate this original finding. That is, in contrast to the
predictions of the duplex-mechanism account (Hughes, 2014), an
increase in perceptual task-encoding load did not reduce or elimi-
nate the auditory deviation effect on serial recall. This indicates
that the previously reported elimination of the deviation effect by
increased perceptual load may not be a replicable finding.

Surprisingly, the exact opposite pattern of results was observed
in Experiment 4, as the deviation effect was present under high
task load but not at low task load. This might indicate that the cog-
nitive resources available at low task load enabled participants to
prevent the diversion of attention from the focal task to the audi-
tory deviant at a late attentional selection stage (e.g., through
enhanced inhibitory control; see Kattner, 2021), thus reducing the

Figure 4
Illustration of the Procedure in Experiment 4

Note. The to-be-remembered digits (upper row, blue) were presented for 350 ms each, with a 450-ms intersti-
mulus interval. The to-be-ignored sequence of spoken letters (lower row, red) started 150 ms before the onset
of the first digit. Each letter had a duration of 500 ms and was followed by an interstimulus interval of 150
ms. On some trials, the sixth letter was presented in a different voice (yellow area). See the online article for
the color version of this figure.

Figure 5
Serial Recall Accuracy as a Function of Task-Encoding Load and
the Presence of a Deviant in Experiment 4

Note. Error bars depict standard errors of the mean. In the equivalent fig-
ure in Hughes et al. (2013, Figure 2) the conditions “changing-state” and
“changing-state þ deviant” were labeled “No Deviant” and “Deviant”,
respectively. See the online article for the color version of this figure.

13



degree of distraction. It has been found in many previous studies
that a manipulation of cognitive load has the opposite effect to per-
ceptual load: With high load on cognitive control processes (e.g.,
working memory load), the inhibition of a distractor interference
is more likely to fail because active cognitive control is needed to
resolve the conflict between target and distractor information
(Lavie, 2005; see also Lavie et al., 2004; Lavie & De Fockert,
2005). On the other hand, within the oddball paradigm it has been
found also that increased working memory load (postponing the
response) reduced the distracting effect of an auditory deviant on
response times in a visual categorization task (Berti & Schröger,
2003; but see Parmentier et al., 2008, Exp. 2).
Hence, it could be speculated whether the results of Experiment

4 can be explained in terms of cognitive rather than perceptual
load. Similar to visual distraction effects (Lavie, 2010), it is plausi-
ble that the auditory deviation effect may be susceptible to both
perceptual and cognitive control capacities. The exact conditions
to observe a deviation effect may require (a) sufficient perceptual-
attentional resources to process the deviant (which could be the
case only in the low-load condition in Hughes et al., 2013; but at
both load conditions of the present study), and (b) a lack of cogni-
tive resources that would enable active control of the disruption
produced by the task-irrelevant deviant on memory performance.
It could be argued that the perceptual load was low enough to pro-
cess the deviant in both conditions of the present study (but only
in the low-load condition in Hughes et al., 2013), whereas the cog-
nitive load was low enough to control the deviant only in the low-
load condition of the present study (but not in the study by Hughes
et al., 2013). In other words, although it is possible that modula-
tion of deviation effect by perceptual task load is not replicable, it
could be argued also that the manipulation used in the present
online experiment (in contrast to Hughes et al., 2013) affected
both perceptual and cognitive task load. Specifically, the visual
degradation of digits may not only have delayed the perceptual
processing of the digits (enhanced perceptual task-encoding load),
but the perceptual constraints may have made the memorization
task more difficult at a higher processing level (e.g., because less
time is left for the rehearsal of slowly processed digits, or simply
because attention needs to be shifted between the patches of visual
noise containing the digit and the blank screen in the interstimulus

interval), thus affecting the availability of cognitive resources. The
exact influence of a task-load manipulation on perceptual and cog-
nitive load may depend on factors such as the specific physical
stimulus properties and the participants’ motivation, task engage-
ment, and working memory capacity. It is certainly possible that
these factors differed between a well-controlled laboratory setting
(in Hughes et al., 2013, Exp. 1) and the online setting of the pres-
ent experiment. Specifically, the perceptual load imposed by the
visually degraded digits may be more variable when participants
run the task on their own computers and monitors than when the
same stimuli are presented under controlled laboratory conditions.
For instance, due to the specific screen contrast or ambient illumi-
nation conditions (which can be optimized at home), both visual
task load conditions may have provided sufficient perceptual
resources to still process the auditory deviant. However, the degra-
dation of digits may still have affected the cognitive processing
load available to memorize the serial order while ignoring the dis-
tractor. In particular, for individuals who completed the task at
home, the baseline level of cognitive load may have been higher
due to a plethora of additional uncontrolled distractions (a ringing
phone, traffic from outside, other people speaking nearby etc.).
While acknowledging these critiques, we do find it important to
note that the web-based experimental context probably has higher
ecological validity than laboratory experiments and it seems im-
portant to establish the impact of auditory distraction particularly
under such conditions. Further research will be necessary to fur-
ther specify these possible effects of task-load manipulations on
the perceptual and cognitive control of auditory distractors.

General Discussion

Across four experiments we investigated the role of attentional
control in mitigating the disruptive effects of (a) changing-state
sound and (b) the presence of an auditory deviant in irrelevant
background sound on objective serial recall performance and
metacognitive monitoring judgments (and their accuracy). There-
fore, both types of auditory distraction were contrasted between
low and high task-encoding load conditions, which was expected
to modulate the degree of peripheral attentional control available
to process irrelevant sound. Table 1 summarizes the main findings

Table 1
Summary of Results From Experiments 1 to 4 Based on the Significance of Effects (Yes: p , .05; No: p $ .05) in the Frequentist Analyses

Measure Changing-State effect Deviation effect Task load effect
Deviation effect reduced

at high task load

Experiment 1. Lab-based, speech sounds
Recall Yes Yesa Yes No
CJs Yes Yesa Yes No

Experiment 2. Lab-based, nonspeech sounds
Recall Yes No No No
CJs Yes Yes No No

Experiment 3. Web-based, speech sounds
Recall Yes Yes Yes No
CJs Yes Yes Yes No

Experiment 4. Web-based, speech sounds with voice deviantb

Recall — Yes Yes Noc

Note. CJs = confidence judgments.
a For “early” deviants presented during encoding. b Replication of Experiment 1 from Hughes et al. (2013) as a web-based experiment. c The deviation
effect was significantly larger at high load than at low load.
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of each experiment with regard to the statistical significance of the
changing-state and deviation effect, the task load effect, and the
modulation of auditory distraction by task load according to the
directional predictions of the duplex-mechanism account (i.e., a
reduction of the deviation effect by task load). In line with many
previous studies (e.g., Jones et al., 2004; Jones & Macken, 1993)
it was found that both changing-state speech (Experiments 1 and
3) and changing-state tones (Experiment 2) consistently impaired
serial STM compared with the respective steady-state conditions.
Moreover, it was shown for the first time that this acoustical inter-
ference is reflected also in trial-by-trial metacognitive confidence
judgments (Experiments 1–3), suggesting that participants are
aware of the disruptive effect of task-irrelevant sound on serial
recall from STM.
In addition, three experiments of the present study also demon-

strated an auditory deviation effect on serial recall performance
(for early deviants in Experiment 1 as well as in Experiments 3
and 4), which has been labeled a benchmark finding in working
memory research (Oberauer et al., 2018). However, the present
data also indicate that the deviation effect may be smaller and less
reliable than other forms of auditory distraction (e.g., the chang-
ing-state effect) unless much larger sample sizes are used. In addi-
tion, some aspects of our data suggest that disruption of serial
recall may be restricted to deviants presented during the encoding
of the to-be-remembered items (see Exp. 1). Moreover, it remains
to be confirmed whether a deviant in purely nonspeech sounds
(e.g., a deviant frequency in a sequence of tones as in Exp. 2) is
less disruptive than a deviant in speech (e.g., a voice shift). Inter-
estingly, the auditory deviation effect was reflected also in partici-
pants’ lower confidence judgments on deviant trials (Experiments
1–3), suggesting that participants were aware of the potentially
detrimental effect of an auditory deviant on their memory process-
ing even when it did not affect objective performance (as in
Experiment 2). This indicates that metacognitive judgments may
be more susceptible than objective recall accuracy to the process-
ing of relatively unobtrusive auditory distractors such as a single
deviant frequency in a task-irrelevant sequence of repeated tones.
In contrast to several previous results (Hughes et al., 2013;

Hughes & Marsh, 2019; Marsh et al., 2020), there was no indica-
tion in the present study of an attenuation of the deviation effect
under conditions of enhanced task-encoding load (i.e., when visual
noise was added to the to-be-remembered digits). In the first three
experiments, an increase in perceptual task-encoding load affected
neither the deviation effect nor the changing-state effect, suggest-
ing that both types of distraction may be equally unrelated to atten-
tional control. In particular, the observation that an increase in
perceptual task-encoding load did not reduce the deviation effect
is inconsistent with the directional predictions of the duplex-mech-
anism account (Hughes, 2014) and suggests that the previously
reported modulation of the deviation effect by task load may not
be replicable. More generally, the present data indicate that the
cognitive disruptions produced by task-irrelevant sound could not
be reduced through enhanced perceptual task load, thus avoiding
processing of the irrelevant sound (Lavie, 2005, 2010). However,
such findings are not unique. For instance, studies using the odd-
ball paradigm requiring simple categorization responses (e.g.,
even/odd judgments of digits) rather than memorization have
shown that the degree of attentional capture by a deviant sound
does not depend on visual task-encoding load (i.e., visual

degradation of the digits; Parmentier et al., 2008). More recently,
similar results have been reported also for distraction in the serial
recall task using monetary incentives, which are supposed to
increase task engagement (Bell, Mieth, Buchner, et al., 2021). In
that study, providing monetary incentives did boost STM perform-
ance in general, but it did not reduce the disruptive effect of
changing-state sound (spoken words) and auditory deviants (a
change in voice). In the present study, enhanced task-encoding
load also affected STM performance across all conditions in three
out of four experiments, but it did not selectively reduce the effect
of one type of auditory distraction. The present results may be con-
sistent with an automatic attentional capture account, assuming
that changing task-irrelevant sounds divert attention from the focal
task as a result of an acoustically driven, automatic perceptual
analysis (e.g., Körner et al., 2017; Parmentier, 2008). On the other
hand, such an automaticity assumption is challenged by the fact
that participants were clearly aware of the disruptive effects of
irrelevant sound (see also Bell, Mieth, Röer, et al., 2021). Having
set out to constrain the duplex-mechanism account proposed by
(Hughes, 2014), our data in fact contradict it, suggesting an
account whereby both the changing-state effect and the auditory
deviation effect are explained with the same mechanism involving
involuntary (though aware) attentional orienting responses to cer-
tain changes in a stream of irrelevant sound.

It could be argued, of course, that the sparing effects of task
load for the deviation effect (as reported by Hughes et al., 2013)
depends on the exact experimental context. The present study
investigated the auditory deviation effect and the changing-state
effect within the same experiments and with the same participants,
whereas Hughes et al. (2013) tested the influence of task-encoding
load on the deviation effect (Exp. 1 and 2) separately from the
changing-state effect (Exp. 3a). It is possible that a deviant sound
captures more attention in a between-subjects design when partici-
pants do not experience different types of sound without a deviant
(i.e., steady-state and changing-state sequences). Moreover, as
described in the introduction, Hughes et al. (2013) presented the
deviants (a voice shift) in changing-state speech (varying spoken
letters), whereas steady-state sequences (of speech or tones) were
used as the control conditions in Experiments 1–3 of the present
study (which may be a presentation procedure that is more similar
to the oddball paradigm; e.g., Parmentier, 2008). It is less obvious
why a deviant should capture more attention in changing-state
background (Hughes et al., 2013)—and be more susceptible to
manipulations of task load—than when it is embedded in steady-
state background (current study). If anything, the occurrence of a
deviant steady-state sequences of irrelevant sound may result in an
even stronger violation of the listener’s predictive model than a
deviant in changing-state sequences (which should make the pre-
dictive model learn to expect greater acoustical variability). In any
case, the present Experiments 1 and 3 demonstrate that deviants
presented during encoding within steady-state sequences of speech
produce statistically reliable disruption of serial recall, and that
this disruption does not depend on task-encoding load. Further, the
results of Experiment 4 indicate that our failure to replicate the
previously reported elimination of the deviation effect with
enhanced task-encoding load (Hughes et al., 2013) cannot be
solely attributed to deviants occurring in a different context (e.g., a
deviant within steady-state sound), as in this close replication of
the original paradigm an auditory deviation effect was observed
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only under conditions of enhanced task difficulty, but not with low
visual task-encoding load. While this finding is clearly inconsistent
with an interpretation in terms of perceptual task load (and with
the duplex-mechanism account), it could be speculated whether
the visual degradation of to-be-remembered items enhanced cogni-
tive task load (in particular in an online setting providing addi-
tional uncontrolled distraction), which may have prevented
cognitive-inhibitory control of auditory distraction (compare Katt-
ner, 2021; Marsh et al., 2012). Future research should endeavor to
independently manipulate perceptual and cognitive load and
examine their differential effects on the distraction produced by
auditory deviants.
Another potential explanation for the results of Experiments

1–3 diverging from the findings of Hughes et al. (2013) is that
the addition of confidence judgments altered task processing. In
the field of metacognition such effects are referred to as reactiv-
ity effects and evidence for reactivity to monitoring judgments
is mixed (see Double & Birney, 2019, for a review). Mitchum et
al. (2016) identified three possible hypotheses regarding how
collecting monitoring judgments may affect performance on the
primary task: First, a positive reactivity effect may occur if the
elicited monitoring judgment prompts participants to use more
effective strategies. Second, the collection of monitoring judg-
ments may lead to a change in participants’ goals (to be less
mastery-oriented). Third, a negative effect of reactivity could
result from competition for resources between the primary task
and providing the monitoring judgment (referred to as the dual-
task hypothesis). Importantly, these authors, and much of the
research in this field, focused on the impact of collecting Judg-
ments of Learning during paired-associate learning. As Judg-
ments of Learning are collected during study and before the
memory test, they have considerable potential to interfere with
memory recall. In our experimental design confidence judg-
ments were collected after serial recall and as such could not
directly influence strategy use on the same trial, making the
impact of the first two hypotheses very unlikely. It is neverthe-
less conceivable that the requirement to provide confidence
judgments draws cognitive resources away from memory proc-
essing. However, one would then expect overall poorer perform-
ance in our Experiments 1–3 as compared with a context where
monitoring judgments were not collected, such as Experiment 4
and the other studies by Hughes et al. (2013). This was not the
case and overall serial recall performance was very comparable
across these studies, if not better in Experiments 1–3. Further,
we find it unlikely that any reactivity effects of confidence judg-
ments would be so selective as to specifically eliminate the
effect of task load on the deviation effect. In conclusion, we do
not consider reactivity effects a plausible alternative explanation
for our divergent result pattern.
The collection of trial-by-trial confidence judgments provided

novel insights into participants’ metacognitive awareness of their
cognitive performance as a function of different types of auditory
distractors. Irrelevant sound effects and task-encoding load effects
on participants’ confidence judgments were largely consistent with
their effects on objective memory performance, corroborating and
extending recent findings of Bell, Mieth, Röer, et al. (2021). More-
over, participants were sensitive to trial-by trial variations in their
performance, but their metacognitive monitoring accuracy was
largely unaffected by both the type of auditory distractor and

task-encoding load. As such, in contrast to the predictions of the
duplex-mechanism account (Hughes, 2014; Hughes & Marsh,
2019), there was no evidence that participants were ‘more aware’
of the impact of an auditory deviant (the diversion of attention)
than of the impact of changing-state sound (interference-by-pro-
cess) on serial recall from STM.

Together with other recent findings (Bell, Mieth, Röer, et al.,
2021), the equal sensitivity of metacognitive judgments to the
changing-state and the deviation effects in the present series of
experiments could be interpreted as further evidence against the
dissociations assumed by the duplex-mechanism account of audi-
tory distraction. Certainly, metacognitive awareness appears to be
one more characteristic that does not dissociate between the differ-
ent types of auditory distraction (in addition to the role of working
memory capacity; Körner et al., 2017). Another property that did
not dissociate between the two types of auditory distraction in the
present study was attentional control, with both effects being
equally unrelated to manipulations of task load (except for Experi-
ment 4, which might indicate an involvement of both perceptual
and cognitive load; see above). This observation is also consistent
with previous findings showing that the two types of auditory dis-
traction are equally unrelated to motivational task engagement
(Bell, Mieth, Buchner, et al., 2021). However, we argue that these
findings alone cannot refute the duplex-mechanism account and
we would caution against drawing strong conclusions regarding
cognitive control and automaticity based solely on the present
effects on metacognitive judgments. What remains unanswered by
the approach taken in these experiments is to what extent partici-
pants are aware of what is causing these variations in performance.
In principle, participants could be directly monitoring the success
of their memory recall (i.e., via the strength of the memory trace,
see Nelson & Narens, 1990) without being able to attribute this
success to the presence or absence of an auditory deviant, for
instance. To directly answer this question, the two types of meta-
cognitive judgments—local (as collected here) and global (see Bell,
Mieth, Röer, et al., 2021)—should be combined and contrasted
within one study.

To sum up, three of the present experiments demonstrated reli-
able changing-state effects on both objective performances in a se-
rial recall task and the participants’ subjective confidence
regarding task performance, regardless of the level of task-encod-
ing load. In addition, the presence of an auditory deviant in
steady-state speech was found to affect both objective perform-
ance and confidence judgments (in Experiments 1 and 3), and this
effect was equally unrelated to task-encoding load. It is important
to note that the changing-state and deviation effects observed with
the purely web-based experiments (Experiments 3 and 4) are
largely consistent not only with the in-person experiments of this
study (at least in terms of the changing-state effect and the absence
of a modulation by task load) but also with the large body of litera-
ture on auditory distraction, which is almost exclusively based on
well-controlled laboratory experiments. However, in contrast to
the literature, the auditory deviation effect observed in the web-
based Experiment 4 was evident only in case of enhanced task
load, suggesting that the low load condition may have enabled par-
ticipants to alleviate the disruptive effect through cognitive con-
trol. Together, these findings suggest that although participants
were aware of the impact of auditory distractors (reflected also in
high monitoring accuracy), neither the changing-state effect nor
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the deviation effect can be attenuated through enhanced attentional
control. It seems more likely that both types of auditory distraction
can be explained with the automatic detection of novel sounds or
acoustical changes leading to the diversion of attentional resources
from the focal task (compare Bell, Mieth, Buchner, et al., 2021;
Bell, Mieth, Röer, et al., 2021; Körner et al., 2017).
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Appendix

Stimulus Materials

Figure A1
Illustration of a To-Be-Remembered Digit as Presented on the Screen With Static Gaussian Noise
of Either Low or High Variance Being Added to the Image on Trials With Low and High Task
Load, Respectively (Experiments 1–3)

Figure A2
Illustration of a To-Be-Remembered Digit as It Was Presented on Trials With Low (Left) and
High (Right) Task Load in the Close Replication Experiment 4
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