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Abstract The current study focuses on auditory task
switching, more precisely on switching attention between dif-
ferent temporal patterns of the same auditory stimulus. Tone
sequences consisting of nine different pitch tones were pre-
sented aurally. Three repetitive short 3-tone patterns (local
focus) were combined to a long pattern (global focus), and
each could be either rising or falling, resulting in congruent
or incongruent combinations. Participants were informed by a
cue if they had to attend to the short or to the long pattern, and
they indicated if the target pattern was rising or falling by
pressing one of two keys. In two experiments, we investigated
cued switches between the two attentional foci. Switch costs
in reaction times and errors were observed when switching
from the long to the short pattern but not when switching from
the short to the long pattern. These asymmetric switch costs
were reduced when participants had more time to prepare for
the switch in a condition with a prolonged cue-stimulus inter-
val. In addition, participants made more errors when global
and local patterns did not correspond to each other (i.e., in
incongruent trials) when attending to either of the patterns,
but this congruency effect was not modulated by preparation
time. The data suggest that the mechanisms of task goal pri-
oritizing, as indicated by the asymmetric attention switch
costs, are dissociable from those underlying stimulus selec-
tion, as indicated by the congruency effects.
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Introduction

Switching between different tasks is an important capacity that
allows us to pursue complex goals as well as to adapt our behav-
ior when environmental demands change (Allport, Styles, &
Hsieh, 1994; Rogers & Monsell, 1995; see Kiesel et al., 2010;
Vandierendonck, Liefooghe, & Verbruggen, 2010, for reviews).
However, it is difficult to find an unambiguous definition of what
a task is (Rogers & Monsell, 1995), and a task can comprise
motivational factors, attention, perceptual, and motor processes,
stimulus-response rules (i.e., a certain stimulus requires a left-
hand response and another stimulus requires a right-hand re-
sponse), or mnemonic processes, or even multiple subtasks
(Hirsch, Nolden, & Koch, in press).

A typical finding in task switching in general are so-
called switch costs. That is, when participants shift from
one task to another, performance, as for example mea-
sured in response times or error rates, is worse than when
the task remains constant. Two kinds of behavioral indices
can be distinguished when switching between tasks. First,
performance can be worse when the task changes from
one trial to the next trial compared with when the task
stays the same (Bswitch costs,^ for a review, see Kiesel
et al., 2010). Second, in addition to these Btransient^
switch costs, performance impairments between mixed
blocks, in which participants’ task can change from trial
to trial, and Bpure^ blocks, in which participants do not
need to change the task, are also possible (Bmixing
costs^). One would typically compare performance in rep-
etition trials of mixed blocks with trials in pure blocks
(where all trials are repetition trials by definition). These
costs of Bsustained^ control (Braver, Reynolds, &
Donaldson, 2003) can be interpreted in terms of higher
working memory load in mixed blocks than in pure
blocks because participants have to keep two different
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stimulus interpretations active and because participants
cannot predict the next task (Kiesel et al., 2010;
Liefooghe, Barrouillet, Vandierendonck, & Camos, 2008).

Intentional control of auditory attention in selective
listening

One way to implement a sequence of tasks that vary unpre-
dictably is to use a cue at the beginning of each trial. This cue
then indicates which task participants should perform in the
upcoming trial. This kind of explicit cueing-procedure has
been used in several studies to investigate auditory selective
attention in a dichotic listening paradigm (Koch & Lawo,
2014, 2015; Koch, Lawo, Fels, & Vorländer, 2011; Lawo &
Koch, 2014, 2015; Lawo, Fels, Oberem, & Koch, 2014). In
the dichotic listening paradigm, two different auditory stimuli
or auditory streams are presented simultaneously, one to each
ear. Typically, participants only attend to one ear. Auditory
selective attention allows the listener to focus on the relevant
auditory stimulus, while distracting stimuli remain in the per-
ceptual background (for reviews, see Bronkhorst, 2015;
Lachter, Forster, & Ruthruff, 2004; Schneider, Li, &
Daneman, 2007; Shinn-Cunningham, 2008). Early studies
on auditory selective attention in a setting with competing
stimulus streams have focused on sustained auditory attention
and involuntary attention capture (for early examples of
dichotic listening, see Broadbent, 1958; Cherry, 1953; for a
review see Hugdahl, 2011, for studies on selective attention to
a certain part of a complex stimulus, see Mondor, & Bregman,
1994; Mondor, Zatorre, & Terrio, 1998).

Combining task-switching methodology with dichotic lis-
tening allowed investigating an important aspect of auditory
task switching, namely intentional control of the auditory at-
tentional focus. In one study, Koch and collaborators applied a
special case of auditory task switching in which the main
focus was on the attentional demands of the task.
Participants had to classify one of two dichotically presented
number words: one spoken by a female voice and the other
one spoken by a male voice (Koch et al., 2011). A visual cue
that was presented before the spoken number words informed
participants which speaker they had to attend to. The relevant
speaker category (female or male) could change from trial to
trial (switch trial) or remain the same (repetition trial).
Classification rules were held constant because participants
had to classify the relevant numbers according to their mag-
nitude in all trials, no matter if the relevant speaker changed or
repeated. In addition, stimulus-response mappings were also
held constant, because participants had to press the left key for
small numbers and the right key for large numbers, no matter
if the relevant speaker changed or repeated. Thus, this special
variant of auditory task switching allowed investigating the
control of the auditory attentional focus while keeping the
remaining task-related factors constant. Hence, cued auditory

attention switching can be understood as a special case of task
switching where the classification and the response mappings
remain constant, but the relevant auditory stimulus selection
criterion changes (see also Logan, 2005, for a similar
approach to visual attention switching). Koch et al. (2011)
found faster responses when the selection criterion repeated
than when it switched and thus auditory switch costs.

To investigate if control processes in auditory task
switching were proactive, preparation effects were investigat-
ed by manipulating the interval between cue and target stim-
uli. In addition to general preparation benefits, switch-
specific preparation effects are an index of proactive control
processes. The authors used a 2:1 cue-to-task mapping and
focused on trials without immediate cue repetitions to control
for perceptual cue priming in task repetitions. However, un-
like many studies in the domain of visual task switching
(Kiesel et al., 2010, for a review), auditory attention switch
costs were not reduced when participants had more time to
prepare for a switch (Koch et al., 2011, Experiment 3).
Therefore, the factors that determine whether preparation for
cued auditory attention shifts is effective still remained
unclear.

Intentional control of auditory attention to temporally
limited parts of auditory patterns

Notably, attending to one auditory stimulus among distracting
stimuli, as applied in the dichotic listening paradigm, repre-
sents only one specific situation where auditory attention is
deployed. It also is possible to attend to a certain part of an
auditory stimulus, for instance when attending to a specific
part of binaurally presented tone sequences. Some studies
used Bhierarchical^ auditory stimuli consisting of short repet-
itive sequential patterns that were combined to a long sequen-
tial pattern (Bouvet et al., 2011; Bouvet et al., 2014; Justus &
List, 2005; List & Justus, 2007, 2010; List et al., 2007;
Ouimet, Foster, & Hyde, 2012; Sanders & Poeppel, 2007;
Sanders & Astheimer, 2008). Hence, such studies examine
the auditory analogy of hierarchical visual stimuli (Ivry &
Robertson, 1998; Kimchi, 1992; Navon, 1977, 1981).

Justus and List (2005) used these kinds of tone sequences
to investigate attentional persistence. In addition, they exam-
ined whether frequency and time were so-called indispensable
attributes in the auditory modality (List & Justus, 2007).
Auditory hierarchical stimuli consisted of sequences of nine
tones (long pattern) that could be subdivided into three 3-tone
sequences (short pattern). Each individual tone lasted for
150 ms. The 9-tone sequence as a whole could be arranged
in one of four possible ways, as well as the 3-tone sequence
(either two consecutive rising changes, two consecutive fall-
ing changes, a rising change followed by a falling change, or a
falling change followed by a rising change). Two of these
arrangements were targets, the other two served as distractors.
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Either the long or short pattern contained one of the targets;
the other pattern contained one of the distractors (Justus &
List, 2005, Experiment 2). Participants had to detect which
of the two targets had been presented in a trial (e.g., two rising
changes), but they did not know if the target would occur in
the short pattern or in the long pattern before the presentation
of the auditory stimulus. They thus needed to attend to both
patterns to make a decision.

In this experimental paradigm, participants responded
faster when the target was presented in the same temporal
range (either short or long) as in the previous trial, sug-
gesting attentional persistence, even when the specific tar-
get pattern had changed. In addition, participants made
fewer errors when the target was presented in the long
pattern than when it was presented in the short pattern.
These results suggested, first, that participants showed
generally better performance when attending to the long
pattern than when attending to the short pattern, and sec-
ond, that performance was worse when participants need-
ed to change their auditory attentional focus from one trial
to another than when it remained constant.

Further studies revealed that the non-attended pattern also
influenced the processing of the attended pattern, which be-
came evident in congruency effects that showed up as perfor-
mance costs when target pattern and distractor pattern are
incongruent to each other relative to when they are congruent
(List, 2006). Several studies revealed greater congruency ef-
fects when attending to the short pattern than when attending
to the long pattern (Bouvet et al., 2011; Ouimet et al., 2012;
Sanders & Poeppel, 2007, Experiments 1 and 2).

One important property of the auditory hierarchical stimuli
as described above is the sequential presentation of the tone
patterns. Unlike simultaneously presented visual hierarchical
stimuli (Navon, 1977), auditory hierarchical stimuli unfold
over time. Consequently, the information necessary to classify
the repetitive short pattern is available earlier than the infor-
mation necessary to classify the long pattern. While this is a
necessary prerequisite of these kinds of auditory hierarchical
patterns, it makes overall response time (RT) differences be-
tween the long and the short pattern somewhat difficult to
interpret.

For example, one could imagine that participants used
the minimum information possible to classify the 9-tone
sequences, which is earlier in the short-pattern condition
than in the long-pattern condition. Notably, such a strate-
gic temporal order bias would effectively lead to a shorter
interval between the cue and the critical pattern-
discriminating tone in the short-pattern condition than in
the long-pattern condition. If so, RT switch costs should
be reduced for the long pattern, because preparation would
be more advanced with the long pattern, for which there
is certainty once the second tone has passed by, than with
the short pattern.

Moreover, there could be reduced RTcongruency effects in
the short pattern condition compared with the long pattern
condition, due to the later presentation of interfering informa-
tion from the long pattern when attending to the short pattern
than vice versa. However, so far there is little empirical sup-
port for a strong impact of temporal order on auditory congru-
ency effects. Previous studies showed symmetric congruency
effects or even greater congruency effects in the short pattern
than in the long pattern (Bouvet et al., 2011; Ouimet et al.,
2012; Sanders & Poeppel, 2007).

Some authors dealt with the issue of temporal order by
reporting RTs from the point in time when the minimum in-
formation to solve the task is available (Ouimet et al., 2012).
Yet, such an approach suffers from requiring specific assump-
tions about participants’ strategies, which may vary and de-
pend on factors such as musical experience. Therefore, overall
RT difference between the long and the short pattern should be
interpreted carefully and considered in light of the specific
characteristics of the sequential presentation.

Goals of the present study

We examined mechanisms of intentional control of the audi-
tory attentional focus. Indeed, the sequential level-repetition
priming effect (Justus & List, 2005) also could be due to
passive Binertia^ (i.e., persistence) of the previously
established auditory attentional focus rather than to an active
attentional focus shifting process. Therefore, it is important to
examine active preparation for shifts in auditory focus to dif-
ferent temporal patterns. To do this, we adapted Koch et al.’s
(2011) cued attention switching approach to investigate if
shifting the focus to a certain auditory short vs. long pattern,
which is cued before the presentation of an auditory tone se-
quence, may rely on active and intentional processes.
Therefore, we used 9-tone sequences that were similar to the
sequences described above (Justus & List, 2005), with the
long and the short pattern either rising or falling. Critically,
before the stimulus occurred, a cue instructed participants to
attend to either the long or the short pattern (Meiran, 1996;
Jost et al., 2013, for review). That is, the task did not resemble
an auditory search task that required attending to both patterns
until a target was detected (Justus & List, 2005), because
participants could prepare for the selection of the cued rele-
vant temporal pattern and could completely ignore the irrele-
vant temporal pattern. Our study thus targeted a novel research
question, because it addressed mechanisms of intentional con-
trol of the auditory focus to a temporally limited part of a tone
sequence.

Notably, attention to an auditory pattern within a sequence
of tones differs in several aspects from attention to one of two
dichotically presented stimuli (Koch et al., 2011). For in-
stance, Koch et al. (2011) used dichotic listening and present-
ed stimuli that belonged to different categories (such as male
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vs. female voices) and are spatially distinct, which is not the
case for long or short patterns of the same stimulus. In addi-
tion, stimuli are presented simultaneously in dichotic listening
situations and require attenuation of the distracter and/or en-
hancement of the target, which also is not the case when at-
tending to auditory patterns of a sequence. Therefore, the
present study examined a different research question, focusing
on auditory attention switching of temporal levels in tone
sequences.

Overview of the current experiments

Adjusting the attentional auditory focus in auditory patterns
could potentially be related to two types of performance im-
pairments, namely mixing costs and switch costs. In addition,
we were interested in whether attention switches can be pre-
pared before the presentation of the auditory stimulus.
Therefore, we manipulated preparation time (i.e., the time
between the cue and the auditory stimulus [CSI]).

In Experiment 1, we investigated auditory mixing costs
and switch costs. In previous studies, the processing of
long auditory patterns was related to better performance
than the processing of short auditory patterns (Justus &
List, 2005). We therefore expected asymmetric costs be-
tween the two patterns, with two possibilities for the di-
rection of the asymmetry. Either switch costs would be
smaller for attending to the long pattern, because this rep-
resents the default and should therefore be rather easily
processed. Alternatively, if the processing of the (default)
long pattern is inhibited when attending to the short pat-
tern, residual inhibition might cause larger switch costs
when shifting the focus back to the global pattern
(Allport et al., 1994; for reviews see also Koch et al.,
2010; Monsell, Yeung, & Azuma, 2000). In both cases,
switch costs would be asymmetric, with larger switch
costs for either the short or the long pattern. Experiment
1 was aimed at deciding between these opposing
scenarios.

In Experiment 2, we were interested in preparatory mech-
anisms of attention switches and therefore varied the time that
participants could use to prepare for the auditory attentional
focus of the next trial (i.e., the CSI). We explicitly targeted the
active adjustment of the attentional focus, in contrast to poten-
tially passive processes of sequential level repetition priming.
In addition, in both experiments, we also examined congruen-
cy effects, which reflect the involuntary processing of irrele-
vant stimulus aspects, so that patterns of asymmetric interfer-
ence can inform us about processing biases. Importantly, by
investigating mixing costs and switch costs as well as congru-
ency effects, we targeted two different important aspects of
auditory attention, namely cognitive control of the auditory
attentional focus and involuntary processing of irrelevant
information.

Experiment 1

The goal of Experiment 1 was to investigate task-switching
when participants attended to a specific auditory pattern with-
in the same auditory stimulus. Participants listened to se-
quences of tones and they attended either to the entire pattern
(long) or to the repetitive shorter pattern (short). The auditory
attentional focus either varied from trial to trial (Bmixed
blocks^) or remained constant within an experimental block.
We used a 1:1 cue-to-task mapping in the current experiment
because the objective was to investigate if mixing costs and
switch costs could be found at all using the present task
requirements.

Method

Participants Twenty-four participants participated in
Experiment 1. Three participants with an excessive number
of errors (> 40%) in either the long-pattern or the short-pattern
condition were replaced by new participants. The final 24
participants had a mean age of 25 years (SD = 5 years, range:
19-36 years), 17 were female, and 22 were right-handed.
None of them reported any hearing problems. On average,
participants had 9 years (SD = 3) of musical training during
their school education. One participant reported that she saw
herself as a musician. Participants gave informed consent and
received partial course credit or 8 € for their participation.

Stimuli and apparatus Visual cues were presented at the
center of a 17-inch monitor with white background. The par-
ticipants’ distance to the screen was about 60 cm. The cues
were a blue and an orange asterisk that were 6 mm in width
and 6 mm in length.

Auditory stimuli were sequences of 9 tones that were cho-
sen from a set of 30 different tones. The fundamental frequen-
cies of the tones in Hzwere 155, 165, 176, 188, 201, 215, 230,
246, 263, 281, 300, 320, 342, 365, 390, 416, 444, 474, 506,
540, 576, 615, 657, 701, 748, 798, 852, 910, 971, and 1037.
Tones consisted of three harmonics with decreasing intensity
(1/number of harmonics). We chose tones that are not related
to western musical scale to avoid associations with implicit or
explicit musical knowledge (see also Trehub, Schellenberg, &
Kamenetsky, 1999). Each tone lasted for 200 ms, including
onset and offset ramps of 10-ms each. Tones were adjusted for
subjective loudness. Three-tone patterns were built from these
tones, such that there were steps of four tones between adja-
cent tones. The intertone interval was 0 ms. These patterns
could be rising or falling, for example the tones with the fre-
quencies 155 Hz, 201 Hz, and 263 Hz would built a rising
pattern. Three of these three-tone patterns were then combined
to the nine-tone sequence, such that the three-tone patterns
always had the same structure, hence all of them were rising
or all of them were falling. The first tones of the individual
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three-tone patterns were three steps apart and could be com-
bined in either a rising or a falling way, independently from
the direction within the three-tone patterns. Four kinds of
nine-tone sequences were constructed this way (Fig. 1 depicts
a schematic description of the stimuli). First, the short three-
tone patterns and the long nine-tone sequence could be both
rising (congruent), which would for example result in a se-
quence comprising the following frequencies: 155, 201, 263/
188, 246, 320/230, 300, 390 Hz. Second, the short three tone
patterns and the long nine-tone sequence could both be falling
(congruent), which would for example result in a sequence
comprising the following frequencies: 390, 300, 230/320,
246, 188/263, 201, 155 Hz. Third, the short three-tone pat-
terns could be falling and the long nine-tone sequence rising
(incongruent), which would for example result in a sequence
comprising the following frequencies: 263, 201, 155/320,
246, 188/390, 300, 230 Hz. Last, the short three-tone patterns
could be rising and the long nine-tone sequence falling (in-
congruent), which would for example result in a sequence
comprising the following frequencies: 230, 300, 390/188,
246, 320/155, 201, 263 Hz. Auditory stimuli were presented
via headphones (Grundig 38629 DJ Headphones). All stimuli
were presented with E-Prime 2.0 software (Psychology
Software Tools, Pittsburgh, PA).

Participants responded with Bc^ (left index finger) and Bm^
(right index finger) on the computer keyboard (QWERTZ).
They were asked to indicate if the attended pattern was falling
or rising by pressing Bc^when the attended pattern was falling
and Bm^ when the pattern was rising, thus the mapping be-
tween Brising/falling^ was compatible with the spatial posi-
tion of the response keys.

Procedure Each trial started with the visual cue (an orange or
blue asterisk) that remained on the screen until the

participants’ response. The color of the cue indicated the au-
ditory attentional focus, such that the mapping of the colors to
the auditory attentional foci was counterbalanced over partic-
ipants. After 500 ms, the auditory stimulus started (cue-stim-
ulus interval, CSI). Participants had maximally 4,400 ms from
onset of the auditory stimulus to indicate if the pattern of the
relevant auditory attentional focus was rising or falling. The
visual cue remained on screen until the response was made. In
case of an error, the word Fehler! (German for error) was
displayed in red color on the center of the screen for 500 ms.
In case of no response after 4,400 ms, the word Schneller!
(German for faster) was displayed in red color on the center
of the screen for 500 ms. After a blank of 500 ms (response-
cue interval, RCI), the next trial started (Fig. 2).

Participants completed 12 experimental blocks of 40 trials
each. Eight blocks were mixed blocks with the auditory atten-
tional focus varying randomly from trial to trial (as indicated
by the color cue). During 2 blocks, participants were
instructed to respond to the long pattern only, and during the
remaining 2 blocks, participants were instructed to respond to
the short pattern only (pure blocks). We chose twice as many
trials in mixed blocks as in pure blocks to compare conditions
with equal number of trials in the mixing-costs contrast, in
which we would compare pure blocks with the repetition trials
of the mixing blocks only. The order of the blocks was
counterbalanced over participants with two mixed blocks al-
ternating with one pure block. Half of the participants started
with a pure block, and the other half started with a mixed
block. Half of the participants attended to the long pattern in
their first pure block, and the other half attended to the short
pattern in their first pure block. Before the experimental
blocks, participants completed four practice blocks with eight
trials each. Two practice blocks were mixed blocks, two were
pure blocks, and the order was counterbalanced over
participants.

Participants reported demographic data and musical exper-
tise before the experiment and were asked about strategies
after the experiment. Participants were instructed orally and

Fig. 1 Schematic depiction of the four stimulus types. Both patterns
could be rising, the long pattern could be rising and the short pattern
falling, the long pattern could be falling and the short pattern rising, or
both patterns could be falling. The sequences with grey background were
incongruent; the sequences with white background were congruent.

Fig. 2 Trial procedure. A visual cue instructed participants to either
attend to the long or to the short pattern. The visual cue was presented
on the screen until the participants’ response. After a cue-stimulus interval
of 500 ms in Experiment 1 (100 ms or 1,000 ms in Experiment 2), the
auditory stimulus was presented. Participants indicated if the attended
pattern was rising or falling by pressing one of two buttons. After a
response-cue interval of 500 ms in Experiment 1 (1,000 ms or 100 ms
in Experiment 2), the cue of the next trial was presented.
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with written instructions on the computer screen. The total
experiment lasted about 45 minutes.

Design Independent variables were auditory attentional focus
(long pattern, short pattern), transition (pure, repetition,
switch), and congruency (congruent, incongruent).
Dependent variables were RTs and errors.

We analyzed two non-orthogonal contrasts on RTs and er-
rors. First, we analyzed the mixing-costs contrast with the
independent variables auditory attentional focus (long pattern,
short pattern), transition (pure, repetition), and congruency
(congruent, incongruent). Only trials from pure blocks and
trials from mixed blocks with an immediate repetition of the
auditory attentional focus were used for this contrast (Kiesel
et al., 2010).

Second, the switch-costs contrastwas analyzed. Only trials
from mixed blocks were used for the switch costs contrast,
including switch trials and repetition trials. Independent vari-
ables were auditory attentional focus (long pattern, short pat-
tern), transition (repetition, switch), and congruency (congru-
ent, incongruent).

Results

Practice trials, the first trial of each block, error trials, and trials
following errors were excluded from the analysis of the RTs,
as well as outliers (RT ± 3 SD from the mean of each condi-
tion). Practice trials, the first trial of each block, and trials
following errors were excluded from the analysis of the error
rates.

Mixing costs contrast

Reaction times We conducted a 2x2x2 ANOVA with the
within-subject variables auditory attentional focus (long
pattern, short pattern), transition (pure, repetition), and
congruency (congruent, incongruent) on RTs. The short
pattern could be classified at the onset of the second tone
(200 ms after stimulus onset) and the long pattern at the
onset of the fourth tone (600 ms after stimulus onset).
Figure 3a depicts the uncorrected RTs, and Fig. 3b de-
picts the RTs corrected by 200 ms or 600 ms, respective-
ly (all analyses are based on the uncorrected RTs). The
ANOVA revealed a main effect of auditory attentional
focus, F(1, 23) = 56.12, MSE = 222977, p < 0.001,
ηp

2 = 0.71, indicating that RTs were 510 ms slower for
the long pattern than for the short pattern (1,491 ms vs.
981 ms). The main effect of transition was not signifi-
cant, F(1, 23) = 1.15, MSE = 17,304, p > 0.29, ηp

2 =
0.05, suggesting that there were no overall mixing costs.
The interaction of transition and auditory attentional fo-
cus was a not significant either, F(1, 23) = 3.26, MSE =
24,642, p > 0.08, ηp

2 = 0.12, even though mixing costs

were somewhat greater for the short-pattern condition
than for the long-pattern condition.

The main effect of congruencywas not significant,F(1, 23)
= 2.18,MSE = 15,622, p > 0.15, ηp

2 = 0.09, but the interaction
of congruency and auditory attentional focus was significant,
F(1, 23) = 8.35,MSE = 8,525, p < 0.01, ηp

2 = 0.27, indicating
larger congruency effects in the long-pattern condition than in
the short pattern condition. Indeed, only in the long-pattern
condition did participants respond faster in congruent trials
than in incongruent trials, 1,459 ms vs. 1,524 ms; congruency
effect of 65 ms, t(23) = −3.62, p < 0.01, whereas in the short-
pattern condition there was no significant congruency effect,
987 ms vs. 975 ms, t(23) = 0.45, p > 0.66. The interaction of
transition and congruency, F(1, 23) = 1.30, MSE = 5340, p >
0.26, ηp

2 = 0.05, and the three-way interaction were not sig-
nificant, F < 1.

ErrorsWe conducted the same ANOVA on error rates (Fig. 4).
TheANOVA revealed amain effect of auditory attentional focus,
F(1, 23) = 6.00, MSE = 0.021, p < 0.03, ηp

2 = 0.20, indicating

Fig. 3 Response times of Experiment 1. Only in the short-pattern condi-
tion, participants responded more slowly in switch trials than in repetition
trials. The error bars represent standard error. a Response times are mea-
sured from the onset of the sequence. b Response times are measured
from the onset of the second tone for the short-pattern condition and from
the onset of the fourth tone for the long-pattern condition.
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that error rates were smaller for the long pattern than for the short
pattern: 7.7% vs. 12.8%. Note that the smaller error rates and the
slower responses in the long-pattern condition comparedwith the
short-pattern condition might suggest a speed-accuracy trade-off.
However, as explained in the introduction, it is possible that the
slower responses in the RTs to the long pattern might be partly
attributable to the sequential presentation of the sequences (see
also Experiment 2).1

The main effect of transition was not significant, F < 1,
showing no evidence for mixing costs. The interaction of
transition and auditory attentional focus was not signifi-
cant either, F(1, 23) = 3.67, MSE = 0.003, p > 0.06, ηp

2 =
0.14, even though mixing costs were somewhat larger for
the long-pattern condition than for the short-pattern con-
dition. Note that this nonsignificant trend was in the op-
posite direction of the non-significant trend in the RTs,
and both failed to reach the significance threshold, so that
they may not represent robust findings. Mixing costs in
RTs and errors were thus small and non-significant for
both auditory attentional foci.

In addition, the main effect of congruency was signif-
icant, F(1, 23) = 10.73, MSE = 0.017, p < 0.01, ηp

2 =
0.32, indicating that participants made fewer errors in
congruent trials than in incongruent trials (7.2% vs.
13.3%). The interaction of auditory attentional focus and
congruency was not significant, F(1, 23) = 1.39, MSE =
0.008, p > .25, η2 = 0.06, just as all other effects, Fs < 1.

Switch costs contrast

Reaction times We conducted a 2x2x2 ANOVA with the
within-subject variables auditory attentional focus (long pat-
tern, short pattern), transition (repetition, switch), and congru-
ency (congruent, incongruent) on RTs (Fig. 3). The ANOVA
revealed a main effect of auditory attentional focus, F(1, 23) =
37.75, MSE = 172320, p < 0.001, ηp

2 = 0.62, indicating that
RTs were 368 ms slower for the long pattern than for the short
pattern (1,481 ms vs. 1,113 ms). The main effect of transition
was significant, F(1, 23) = 39.75, MSE = 12,505, p < 0.001,
ηp

2 = 0.63. Importantly, the interaction of transition and audi-
tory attentional focus also was significant, F(1, 23) = 45.14,
MSE = 10,962, p < 0.001, ηp

2 = 0.66. Indeed, in the short-
pattern condition, RTs were 203ms higher in switch trials than
in repetition trials, 1,215 ms vs. 1,012 ms, t(23) = −7.52, p <
0.001, whereas in the long-pattern condition, there were no
switch costs at all, 1,481 ms vs. 1,481 ms, t(23) = −0.02, p <
0.98.

In addition, the main effect of congruency was significant,
F(1, 23) = 6.56,MSE = 11735, p < 0.02, ηp

2 = 0.22, indicating
that participants responded faster in congruent trials than in
incongruent trials (1,277 ms vs. 1,317 ms). The interaction of
auditory attentional focus and congruency: F(1, 23) = 4.24,
MSE = 8,479, p > 0.05, ηp

2 = 0.16 was not significant but
suggested slightly greater congruency effects for the long-
pattern condition than for the short-pattern condition. The in-
teraction of transition and congruency was not significant, F <
1. The three-way interaction was not significant either, F(1,
23) = 1.29, MSE = 3,814, p > 0.27, ηp

2 = 0.05.

Errors We conducted the same ANOVA on error rates
(Fig. 4). The ANOVA revealed a main effect of auditory at-
tentional focus, F(1, 23) = 15.71,MSE = 0.015, p < 0.001, ηp

2

= 0.41, indicating that error rates were smaller for the long
pattern than for the short pattern (7.9% vs. 14.9%). The main
effect of transition was not significant, F(1, 23) = 3.92,MSE =
0.004, p > 0.05, ηp

2 = 0.15, but the interaction of auditory
attentional focus and transition was significant, F(1, 23) =
13.39, MSE = 0.004, p < 0.001, ηp

2 = 0.37, indicating that
switch costs were smaller in the long-pattern condition than in
the short-pattern condition. Indeed, in the long-pattern condi-
tion, there was no significant difference of repetition trials and
switch trials, 8.7% vs. 7.1%, t(23) = 1.67, p > 0.10, whereas in
the short-pattern condition, participants made less errors in
repetition trials than in switch trials, 12.3% vs. 17.5%, t(23)
= −3.37, p < 0.01. Note that the asymmetric switch costs in the
errors rates confirm the pattern in the RTs (see Discussion).

In addition, the main effect of congruency was significant,
F(1, 23) = 19.22, MSE = 0.018, p < 0.001, ηp

2 = 0.46, indi-
cating that participants made less errors in congruent trials
than in incongruent trials (7.2% vs. 15.6%). The interaction
of transition and congruency was not significant, F(1, 23) =

1 If there was a speed-accuracy trade off, RTs and error rates should be nega-
tively correlated. However, RTs and error rates were positively correlated or
not correlated at all, for the overall RTs and errors, r = 0.71, p < 0.001, as well
as for both the long pattern, r = 0.27, p > 0.19, and for the short pattern, r =
0.73, p < 0.001.

Fig. 4 Error rates of Experiment 1. Participants made more errors in the
short-pattern condition than in the long pattern condition. Only in the
short-pattern condition, participants made more errors in switch trials than
in repetition trials. Participants made more errors in incongruent trials
than in congruent trials. The error bars represent standard error.
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4.13,MSE = 0.004, p > 0.05, ηp
2 = 0.15, with slightly smaller

congruency effects in repetition trails than in switch trials. The
interaction of auditory attentional focus and congruency was
not significant, F(1, 23) = 2.25,MSE = 0.011, p > 0.14, ηp

2 =
0.09. The three-way interaction was not significant either, F(1,
23) = 1.88, MSE = 0.006, p > 0.18, ηp

2 = 0.06.

Discussion

In this experiment, we examined mixing costs and switch
costs as empirical markers for intentional control of attentional
focus on short vs. long auditory patterns. In addition, we ex-
amined congruency effects as an empirical marker for invol-
untary processing of task-irrelevant (i.e., noninstructed) infor-
mation. Overall, we found no significant mixing costs when
using performance in experimental blocks with constant atten-
tional focus as baseline, suggesting that working-memory
load in repetition trials plays a minor role in auditory selection
of tone patterns. However, we observed clear switch costs in
the mixed blocks, which were markedly asymmetric, with
large switch costs when switching to the short pattern and
basically no switch costs at all when switching to the long
pattern. We observed this asymmetry in both RT and error
rates, confirming each other. Hence, the asymmetric switch
costs in RTs and errors suggest more efficient adjustment of
auditory attention when attending to the long pattern than
when attending to the short pattern, possibly indicating that
attending to the longer pattern represents the default process-
ing mode in situations with short and long patterns.

However, as the 9-tone sequences unfolded over time with
the short pattern being faster to be identified than the long
pattern, the question arises if the asymmetric switch costs in
the RTs could be related to the temporal structure of the se-
quences. Hence, it is possible that participants used the mini-
mum information possible, which is the second tone in the
short pattern but the fourth tone in the long pattern. This
would lead to a shorter interval between the cue and the infor-
mative tone in the short-pattern than in the long pattern, so that
there would be effectively a longer preparation time for a
switch to the long pattern. If preparation reduces the switch
costs, then we would expect smaller switch costs for the long
pattern than for the short pattern. Yet, we propose that the
observed switch-cost asymmetry is at least partly, or even
largely, due to attending to the long pattern representing the
default processing mode rather than on critical differences in
time-based, for two reasons.

First, the pattern of congruency effects is not in line with
such an account. Specifically, if participants based their per-
formance on the minimal information required to discriminate
the short and the long auditory pattern, then participants
should be able to select their responses much earlier (by about
400 ms) when attending to the short pattern. If so, then the
response should be selected in many cases even before the

discriminating information for the long pattern (i.e., the fourth
tone) becomes available, which should result in clearly asym-
metric congruency effects. However, the pattern of congruen-
cy effects does not clearly support this account. In the mixing
costs contrast, there is no such asymmetry in the error rates,
even though it is present in the RT data. Note though that we
did not find mixing costs in the first place, for both attentional
foci. Moreover, in the switch costs contrast, this asymmetry of
the congruency effect was nonsignificant both in the RT data
and the error rates, suggesting that congruency effects oc-
curred for both the short and the long pattern. This pattern of
results appears to be in line with the idea that participants
actually often tend to wait until the information about the
identity of the long pattern is available, which would be ex-
pected by the idea that attending to the long pattern represents
the default processing mode.

Second, the possible assumption that participants are sim-
ply better prepared for a switch to the long pattern because
they have relatively more time for preparing such a switch is
post hoc. In Experiment 2, we explicitly test the influence of
preparation on switch costs by manipulating the preparation
interval (i.e., the CSI). To foreshadow the results of
Experiment 2, the pattern of preparation effects does not con-
form to predictions derived from the idea that participants in
Experiment 1 were simply better prepared for a switch to the
long pattern.

In sum, in Experiment 1 we found asymmetric switch costs
of the two auditory attentional foci. This finding suggests the
idea that switch costs reflect primarily an attentional shifting
process, and that attending to the long pattern represents the
default processing mode and therefore shows only little (if
any) switch costs. In Experiment 2, we investigated the ques-
tion if switch costs could be reduced with increased prepara-
tion time for the attention switch. The preparatory reduction of
switch costs would give further support to the notion of active
attention shifting after the cue presentation and before the
presentation of the tone sequence, which would further differ-
entiate the results of the present study from carryover effects
in terms of sequential-level priming (Justus & List, 2005; List
& Justus, 2007).

Experiment 2

The goal of Experiment 2 was to enhance our understanding
of the asymmetric switch costs that we found in Experiment 1.
We wanted to examine if the switch costs in the short-pattern
condition could be reduced if participants had more time to
prepare for the attention switch. Because we did not observe
switch costs for the long pattern in Experiment 1, we thus
predicted a three-way interaction of attentional focus, transi-
tion, and CSI. Importantly, this interaction would strongly
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point to an active process of auditory attentional shifting that
takes place before the onset of the tone sequence.

In Experiment 2, the design was similar to the mixed
blocks of Experiment 1. We did not use pure blocks anymore,
because we did not find any mixing costs in Experiment 1. We
used two different CSIs in Experiment 2 (100 ms and
1,000ms) to increase or reduce the time to prepare for a switch
relative to the cuing interval in Experiment 1 (CSI = 500 ms).
We used a 1:1 cue-to-task mapping again because the results
of Experiment 1 did not suggest any role of visual cue-priming
effects, as such cue-priming benefits also should have been
observed in the long-pattern condition, for which we did not
find any effect of switch vs. repetition of the cue (hence ruling
out the presence of general cue repetition priming).

Method

Participants Twenty-four new participants participated in
Experiment 2. One participant with an excessive number of
errors (> 40%) in the short-pattern condition was replaced by a
new participant. One of the final 24 participants did not report
her age, the remaining 23 had a mean age of 22 years (SD =
4 years, range: 19-35 years), 17 of 24 were female, and 21 of
24 were right-handed. None of them reported any hearing
problems. On average, participants had 9 years (SD = 3) of
musical training during their school education. Eight partici-
pants reported that they saw themselves as musicians.
Participants gave informed consent and received partial course
credit or 8 € for their participation.

Stimuli, apparatus, and procedure All stimuli, apparatus,
and procedures were identical to Experiment 1, except that
the CSI varied randomly from trial to trial (100 ms vs.
1000 ms) instead of being 500 ms (constant CSI in
Experiment 1). As a consequence, the RCI was varied inverse-
ly, so that it was 1000mswhen the CSI was 100ms, and it was
100 ms when the CSI was 1000 ms, thus resulting in a con-
stant response-stimulus interval of 1100 ms.

Participants completed 10 experimental blocks of 64 trials
each. All blocks were mixed blocks with the auditory atten-
tional focus varying randomly from trial to trial. Before the
experimental blocks, participants completed two practice
blocks with 16 trials each. The total experiment lasted approx-
imately 45 minutes.

Design Independent variables were auditory attentional focus
(long pattern, short pattern), transition (repetition, switch),
congruency (congruent, incongruent), and CSI (100 ms,
1000 ms). Dependent variables were reaction times (RTs)
and errors.

Results

Practice trials, the first trial of each block, error trials, and trials
following errors were excluded from the analysis of the RTs,
as well as outliers (RT ± 3 SD from the mean of each condi-
tion). Practice trials, the first trial of each block, and trials
following errors were excluded from the analysis of the error
rates.

Reaction times We conducted a 2x2x2x2 ANOVA with the
within-subject variables auditory attentional focus (long pat-
tern, short pattern), transition (repetition, switch), congruency
(congruent, incongruent), and CSI (100 ms, 1000 ms) on RTs.
Figure 5a depicts the uncorrected RTs, and Fig. 5b depicts the
RTs corrected by 200 ms or 600 ms, respectively (all analyses
are based on the uncorrected RTs).

The ANOVA revealed a main effect of auditory attentional
focus, F(1, 23) = 28.36, MSE = 26,8554, p < 0.001, ηp

2 =
0.55, indicating that RTs were 382 ms slower for the long
pattern than for the short pattern (1,463 ms vs. 1,181 ms).
The main effect of transition was significant, F(1, 23) =
83.11, MSE = 11,172, p < 0.001, ηp

2 = 0.78. Importantly,
the interaction of auditory attentional focus and transition also
was significant, F(1, 23) = 92.93, MSE = 11,826, p < 0.001,
ηp

2 = 0.80, showing that there were switch costs of 205 ms in
the short-pattern condition (1,284 ms vs. 1,079 ms), t(23) =
−9.97, p < 0.001, but no significant switch costs (−8 ms) ms in
the long-pattern condition (1,467 ms vs. 1,459 ms), t(23) =
1.17, p > 0.26.

In addition, there was a main effect of congruency, F(1, 23)
= 14.18, MSE = 20,698, p < 0.01, ηp

2 = 0.38. This indicates
that participants responded faster in congruent trials than in
incongruent trials (1,295 ms vs. 1,350 ms). Congruency ef-
fects were slightly greater in switch trials than in repetition
trials in the short-pattern condition only, but the corresponding
three-way interaction of auditory attentional focus, transition,
and congruency was not significant, F(1, 23) = 3.44, MSE =
7,052, p > 0.07, ηp

2 = 0.13.
So far, the aforementioned pattern of results is similar to the

data pattern of Experiment 1. Now we turn to the influence of
the CSI. The main effect of CSI was significant, F(1, 23) =
47.64, MSE = 10,799, p < 0.001, ηp

2 = 0.67, as well as the
interaction of auditory attentional focus and CSI, F(1, 23) =
84.96, MSE = 5,406, p < 0.001, ηp

2 = 0.79, indicating that
there was a larger reduction of overall RTs with more prepa-
ration time in the short-pattern condition than in the long-
pattern condition. Indeed, in the short-pattern condition, par-
ticipants responded 143 ms faster when the CSI was 1000 ms
than when it was 100 ms, 1,110 ms vs. 1,253 ms; t(23) =
−8.42, p < 0.001, but in the long-pattern condition there was
no significant effect of CSI: 1,461 ms vs. 1,465 ms; t(23) =
−0.56, p > 0.57. Moreover, the interaction of transition and
CSI was not significant, F(1, 23) = 3.68, MSE = 6,941, p >
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0.06, ηp
2 = 0.14, but the expected three-way interaction of

auditory attentional focus, transition, and CSI was significant,
F(1, 23) = 8.15,MSE = 10242, p < 0.01, ηp

2 = 0.26. All other
effects were not significant, interaction of transition and con-
gruency, F(1, 23) = 1.90, MSE = 5,858, p > 0.18, ηp

2 = 0.08;
all other Fs < 1.

To decompose the significant three-way interaction of au-
ditory attentional focus, transition, and CSI, we analyzed the
long-pattern condition and the short-pattern condition sepa-
rately. We conducted 2x2 ANOVAs with the variables transi-
tion and CSI. Figure 6 shows a summary of the switch costs in
both Experiment 1 and Experiment 2.

In the short-pattern condition, there was a significant main
effect of transition, F(1, 23) = 99.41, MSE = 10,179, p <
0.001, ηp

2 = 0.81, a significant main effect of CSI, F(1, 23)
= 70.86,MSE = 6,866, p < 0.001, ηp

2 = 0.76, and a significant
interaction of transition and CSI, F(1, 23) = 6.54, MSE =

7,696, p < .02, ηp
2 = 0.22, indicating that switch costs were

smaller when the CSI was 1000 ms than when the CSI was
100 ms (160 ms vs. 251 ms).

In contrast, in the long-pattern condition, neither the main
effect of transition, F(1, 23) = 1.36, MSE = 1,319, p > 0.25,
ηp

2 = 0.06, nor of CSI, F < 1, was significant. The interaction
of transition and CSI, F(1, 23) = 4.64, MSE = 896, p < 0.05,
ηp

2 = 0.17, was significant, but this was due to an opposing
pattern of switch effects in the two CSI conditions. However,
switch costs were not significantly different from 0 ms in
either condition, neither when the CSI was 100 ms, −22 ms
(inversed switch costs), t(23) = −1.93, p > 0.06, nor when the
CSI was 1,000 ms (4 ms, t < 1).

Errors We conducted the same ANOVA on error rates
(Fig. 7). The ANOVA revealed a main effect of auditory at-
tentional focus, F(1, 23) = 18.15,MSE = 0.027, p < 0.001, ηp

2

= 0.44, indicating that error rates were smaller for the long
pattern than for the short pattern (5.4% vs. 12.6%).

The main effect of transition was significant, F(1, 23) =
7.40, MSE = 0.003, p < 0.02, ηp

2 = 0.24. Importantly, the
interaction of transition and auditory attentional focus was
also significant, F(1, 23) = 15.86, MSE = 0.004, p < 0.001,
ηp

2 = 0.41, indicating that switch costs were smaller in the
long-pattern condition than in the short pattern condition.
Indeed, in the long-pattern condition, there was no significant
difference between repetition trials and switch trials, 5.9% vs.
5.0%, t(23) = 1.50, p > 0.14, whereas in the short-pattern
condition participants made significantly less errors in repeti-
tion trials than in switch trials, 10.6% vs. 14.6%, t(23) =
−3.98, p < 0.001. Figure 8 shows a summary of the switch
costs in both Experiment 1 and Experiment 2.

The main effect of congruency was significant, F(1, 23) =
50.34,MSE = 0.010, p < 0.001, ηp

2 = 0.69, indicating smaller
error rates in congruent trials than in incongruent trials (5.4%
vs. 12.6%). The interaction of auditory attentional focus and
congruency was significant as well, F(1, 23) = 8.02, MSE =
0.009, p < 0.01, ηp

2 = 0.26, indicating larger congruency

Fig. 6 Switch costs of Experiment 1 and Experiment 2 in RTs. In the
short-pattern condition, participants responded faster in repetition trials
than in switch trials (Experiment 1, mixed blocks, and Experiment 2).
This difference was reduced when participants had more time to prepare
for the switch (Experiment 2). In the long-pattern condition, there were no
significant switch costs in either condition. The error bars represent stan-
dard error.

Fig. 5 Response times of Experiment 2. Only in the short-pattern condi-
tion, participants responded more slowly when the CSI was 100 ms than
when it was 1000 ms. In addition, in the short-pattern condition, partic-
ipants responded more slowly in switch trials than in repetition trials, and
even more so when the CSI was 100 ms than when the CSI was 1,000 ms.
The error bars represent standard error. a Response times are measured
from the onset of the sequence. b Response times are measured from the
onset of the second tone for the short-pattern condition and from the onset
of the fourth tone for the long-pattern condition.
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effects in the short-pattern condition, 10.0% (7.6% vs. 17.6%)
than in the long-pattern condition, 4.5% (3.2% vs. 7.7%).

In addition, there was a significant three-way interaction of
auditory attentional focus, transition, and congruency, F(1,
23) = 10.20,MSE = 0.002, p < 0.01, ηp

2 = 0.31. To decompose
this three-way interaction, we analyzed the long-pattern con-
dition and the short-pattern condition separately by
conducting 2x2 ANOVAs with the variables transition and
congruency. In the long-pattern condition, there was a signif-
icant main effect of congruency, F(1, 23) = 50.53, MSE =
0.001, p < .001, p

2 = .69. The main effect of transition, F(1,
23) = 2.23, MSE = 0.001, p > 0.14, ηp

2 = 0.09, as well as the
interaction of transition and congruency, F(1, 23) = 1.86,MSE
= 0.001, p > 0.18, ηp

2 = 0.08, were not significant. In contrast,
in the short-pattern condition, there was a significant main
effect of transition, F(1, 23) = 15.87, MSE = 0.002, p <
0.001, ηp

2 = 0.41, a significant main effect of congruency,
F(1, 23) = 27.96,MSE = 0.009, p < 0.001, ηp

2 = 0.55, as well

as a significant interaction of transition and congruency, F(1,
23) = 7.32, MSE = 0.002, p < 0.02, ηp

2 = 0.24, indicating
larger congruency effects in switch trials (12.4%) than in rep-
etition trials (7.6%). Note that we did not find this influence of
attention switching on the congruency effect consistently in
the RT and error rates of Experiment 1 nor in the RT of
Experiment 2, so that it should not be overemphasized. Yet,
this influence is not highly consistent in more typical task-
switching studies. In task-switching studies, the influence of
task switching on the congruency effect is typically attributed
to an increased vulnerability to distracting information in case
of a task switch. This is because the new task is not yet fully
prepared (or primed by its actual repetition, as in repetition
trials; see Kiesel et al., 2010, for a review).

Now we turn to the influence of preparation (i.e., of the
CSI). The main effect of CSI was significant, F(1, 23) =
29.67, MSE = 0.002, p < 0.001, ηp

2 = 0.56, as well as the
interaction of auditory attentional focus and CSI, F(1, 23) =
10.02,MSE = 0.002, p < 0.01, ηp

2 = 0.30, indicating that there
was a larger reduction of error rates with more preparation
time in the short-pattern condition than in the long-pattern
condition. Indeed, in the short-pattern condition participants
made less errors when the CSI was 1000 ms than when the
CSI was 100 ms, 10.7% vs. 14.5%, t(23) = −5.35, p < 0.001,
whereas in the long-pattern condition there was no significant
difference between CSI 1,000 ms and CSI 100 ms, 5.0% vs.
5.9%, t(23) = −1.63, p > 0.11.

The interaction of transition, congruency, and CSI was not
significant, F(1, 23) = 3.16, MSE = 0.004, p > 0.08, ηp

2 =
0.12, but, numerically, the difference of congruency effects in
switch and repetitions trials was somewhat larger with the
short CSI than with the long CSI. Likewise, the interaction
of auditory attentional focus, transition, and CSI did not reach
significance, F(1, 23) = 2.06, MSE = 0.002, p > 0.16, ηp

2 =
0.08, but the data show a similar pattern as in the RTs, with
decreased switch costs with increased CSI in the short-pattern
condition. All other effects were not significant: interaction of
transition and congruency, F(1, 23) = 2.77,MSE = 0.003, p >
0.10, ηp

2 = 0.10; interaction of transition and CSI, F(1, 23) =
2.00, MSE = 0.002, p > 0.17, ηp

2 = 0.08; interaction of con-
gruency and CSI, F(1, 23) = 1.22,MSE = 0.002, p > 0.28, ηp

2

= 0.05; interaction of auditory attentional focus, congruency,
and CSI, F < 1; four-way interaction, F(1, 23) = 1.73,MSE =
0.002, p > 0.20, ηp

2 = 0.07.

Discussion

In Experiment 2, we found the predicted influence of prepa-
ration on the switch costs, which was greater for the short-
pattern condition than for the long-pattern condition. As
discussed for Experiment 1, due to the sequential presentation
of the auditory stimuli, participants might have used the min-
imum information possible to classify the patterns (i.e., the

Fig. 7 Error rates of Experiment 2. Participants made more errors in the
short-pattern condition than in the long pattern condition. Participants
made more errors in incongruent trials than in congruent trials, especially
in the short-pattern condition. Only in the short-pattern condition, partic-
ipants made more errors in switch trials than in repetition trials. In addi-
tion, in the short-pattern condition, participants made more errors when
the CSI was 100 ms than when it was 1000 ms. The error bars represent
standard error.

Fig. 8 Switch costs of Experiment 1 and Experiment 2 in error rates. In
the short-pattern condition, participants made less error in repetition trials
than in switch trials (Experiment 1, mixed blocks, and Experiment 2). In
the long-pattern condition, there were no significant switch costs in either
condition. The error bars represent standard error.
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first and the second tone in the short-pattern condition and the
first and the fourth tone in the long-pattern sequence). The
switch costs in the long-pattern condition thus could have
been smaller than in the short-pattern condition because the
delay in the availability of information in the long-pattern
condition might have been used for preparation for the atten-
tion switch. The manipulation of the CSI in Experiment 2
provided additional information to assess the role of this pu-
tative strategy use for the asymmetric switch costs in the RTs.

Overall, the pattern in the RTs suggests that specific strategy
use related to the sequential presentation of the tones alone can-
not explain the observed asymmetry of the switch costs and the
reduction of switch costs. Specifically, the timing of the sequence
and the duration of the CSI created four different intervals be-
tween cue onset and the onset of the critical tone (second tone vs.
fourth tone). In the short-pattern condition, the minimum time
needed (i.e., the interval between the cue and the 2nd tone) when
the CSI is short is 300 ms (100 ms + 200 ms) and it is 1,200 ms
(1000 ms + 200 ms) when the CSI is long. In comparison, in the
long-pattern condition the minimum time needed (the interval
between the cue and the 4th tone) when the CSI is short is
700 ms (100 ms + 600 ms) and it is 1,600 ms (1,000 ms +
600 ms) when the CSI is long. However, in the short-pattern
condition there were still substantial Bresidual^ switch costs
(Meiran, 2000; Rogers & Monsell, 1995) of 160 ms even when
the CSI was long (i.e., 1,200 ms total time for preparation). On
the other hand, in the short CSI condition of the long-pattern the
total time for preparationwas actuallymuch shorter (700ms), but
there were still no switch costs in the long-pattern condition.
Taken together, this differential pattern of preparation effects
clearly speaks against an account that would attribute the ob-
served switch-cost asymmetries for the short vs. long pattern
condition to a strategic processing bias that is due to the sequen-
tial presentation of the patterns, which inevitably results in earlier
presentation of the short pattern. Instead, the data suggest that
attending to the long pattern represents the default processing
mode, so that no substantial costs occur when participants switch
back to this mode.

Moreover, manipulation of the CSI showed that switching
focus to attending to the short pattern can be achieved effectively,
at least to some degree (considering the substantial residual
switch costs with long CSI) if there is sufficient time for advance
preparation. That is, the data suggest that the reduction of switch
costs in the short-pattern condition with more preparation time
indicates an active process of attention shifting that starts before
the presentation of the tone sequence.

Finally, the overall larger error rates in the short-pattern con-
dition as well as the asymmetric congruency effects are in line
with previous studies, which suggest an attentional bias in favor
of the long pattern (Bouvet et al., 2011; Justus & List, 2005;
Ouimet et al., 2012; Sanders & Poeppel, 2007). Attention to
the short pattern thus seems to be less efficient (and possibly also
more prone to interference) than attention to the long pattern.

General discussion

The goal of the present study was to investigate task switching
in sequential auditory tone patterns. We were especially inter-
ested in intentional control of the auditory attentional focus
within an auditory sequence. Participants attended to a long or
to a short tone pattern and the auditory attentional focus could
vary from trial to trial. We targeted mechanisms of cognitive
control of the auditory attentional focus, as assessed with
switch costs and preparation effects, and on stimulus-driven
involuntary attention shifting, as assessed with congruency
effects.

Major findings

Two experiments revealed asymmetric switch costs in RTs
and errors. Specifically, switch costs were only present when
switching from the long pattern to the short pattern and not the
other way round. In addition, Experiment 2 showed that the
switch costs were reduced when participants had more time to
prepare for the attentional switch to the short pattern. Notably,
in Experiment 1we did not observe mixing costs.

The current experiments also revealed congruency effects
when attending to both the short and the long pattern. Yet, the
pattern of congruency effects was less consistent, showing no
clear asymmetry with respect to the short vs. long pattern
across experiments (Experiments 1 and 2), contrasts (mixing
costs and switch costs), and dependent measures (RTand error
rates).

Attending to temporal patterns within a sequence of tones
vs. attending to one of two simultaneously presented
stimuli

In the present study, we investigated auditory attention
switching to temporal patterns within the same tone se-
quence. Recently, intentional control of auditory attention
has been investigated in other studies as well, but these
previous studies focused on shifting between two simulta-
neously presented auditory stimuli (spoken number words)
and used dichotic listening (Koch & Lawo, 2014, 2015;
Koch et al., 2011; Lawo & Koch, 2014, 2015; Lawo et al.,
2014). Dichotic listening studies did not observe mixing
costs consistently. For instance, Koch and Lawo (2015) ob-
served mixing costs in dichotic listening only when partici-
pants selected speakers by ear, not by gender. This inconsis-
tent pattern of mixing costs is in line with our Experiment 1,
in which we did not observe any mixing costs. The absence
of mixing costs suggests that switching-related performance
impairments were less due to general processes related to
working memory load (i.e., maintenance of attentional fo-
cus). Note that our experimental procedure was designed to
isolate active shifting of the auditory attentional focus,
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whereas other components such as stimulus-response map-
pings or classification rules were held constant. This should
have decreased memory load compared to other task-
switching experiments.

In addition, we observed switch costs in the short-pattern
condition only, whereas previous studies using dichotic listening
have usually observed general switch costs in RTs (Koch et al.,
2011). Note that in the present experiments, cue transitions when
using a 1:1 cue-to-attentional focusmapping do not seem to have
any impact on attentional switch costs because perceptual cue
repetition priming should have caused switch costs (i.e., cue
repetition benefits) even for the long pattern, which we clearly
did not observe (Logan & Bundesen, 2003; see Jost et al., 2013,
for a review). Therefore, it is particularly important that we found
a clear reduction of switch costs in the short-pattern condition
with more preparation time before a switch. This suggests suc-
cessful active preparation before the onset of the stimulus, which
has not systematically been found with dichotically presented
tones, at least not when a 2:1 cue-to-task mapping was used to
avoid visual priming effects due to immediate cue repetitions
(Koch et al., 2011; Lawo et al., 2014; Lawo & Koch, 2015).

Please note that the sequential presentation of the tones made
a specific preparatory strategy possible. Participants may have
used the first and second tone to identify the short sequence and
the first and fourth tone to identify the long sequence. This strat-
egy usemay have increased the asymmetry in the switch costs, as
the interval between the cue and the last attended tone was
shorter in the short-pattern condition than in the long-pattern
condition. However, this account is not supported by the pattern
of congruency effects, and it is rather invalidated by the pattern of
switch costs in Experiment 2. In Experiment 2, we found clear
residual switch costs for the short pattern under temporal condi-
tions that would allow even more preparation time than in the
short CSI conditions in the long pattern condition (where there
were no switch costs), suggesting that the apparent absence of
switch costs in the long-pattern condition does not simply reflect
the benefit of increased preparation time but rather the benefit of
the fact that attending to the long pattern represents the default
processing mode (without being able to explain the entire pattern
on its own, as discussed above, especially in the error rates).
Thus, the relative contribution of differential attentional efficien-
cy to the asymmetric switch-costs in the RTs is not completely
resolved.

Task-goal setting and stimulus selection

The results of the current study revealed a partly dissociative
pattern between switch costs and congruency effects.
Congruency effects were observed in both temporal patterns.
Finding clear congruency effects in the short pattern condition
suggests that participants most often do not respond before they
have identified the long pattern, enabling response crosstalk and
thus congruency effects. Likewise, the finding of clear

congruency effects in the long pattern suggests that even for
the default mode of processing it is hard to ignore simultaneously
available information that ismapped to the same set of responses.
In the present study, participants needed to extract structural in-
formation from a sequence of tones in which each tone is part of
both temporal patterns, and interference from the irrelevant pat-
tern seems to be hard to avoid, even when participants know
beforehand which pattern they have to attend to. Thus, stimulus
selection did not seem to be perfect, and the preponderance of
congruency effects in the error rates might suggest that partici-
pants sometimes select the wrong pattern and then they do not
correct the selection within the same trial.

Switch costs, on the other hand, were strongly asymmetric
and subject to a highly consistent influence of preparation
time. These results seem to be related to active preparation
of the attentional focus on the short temporal pattern. In com-
parison, in a search task without explicit attentional cues, no
asymmetry in sequential-level priming effects was observed
both for the long pattern and the short pattern (Justus & List,
2005). This suggests that intentional and flexible attention
shifting between temporal patterns of a tone sequence is at
least partly independent from involuntary attention capture
(as reflected in congruency effects, see also Lawo & Koch,
2014). Thus, the present results add to the existing evidence
for dissociative components of task sets by showing a partial
dissociation of switch costs and congruency effects (see
Regev & Meiran, 2016, for a recent study that aimed to dis-
entangle the mechanisms of distinct task-set components).

Attending to the long auditory pattern or to the short
auditory pattern

In addition to cognitive control in auditory task switching, the
results of the present study suggested differences between at-
tending to the long pattern or to the short pattern. In general, our
findings were in favor of a relative advantage in attending to the
long pattern compared with attending to the short pattern. First,
participants made more errors when attending to the short pat-
tern than when attending to the long pattern. This also was the
case in congruent trials where errors were not due to the selec-
tion of the wrong attentional focus, suggesting that identifying
the direction of the pattern was more difficult in the short-
pattern condition than in the long pattern condition. We would
thus like to argue that structural information is by default ex-
tracted more easily from the long pattern than from the short
pattern, which might even be similar to global-local processing
in vision (Bouvet et al., 2011). However, because participants
sometimes responded before the end of the tone sequence when
attending to the short pattern, the long pattern was most likely
not processed before the short pattern, as first suggested for the
processing of simultaneously presented global and local visual
stimuli (Navon, 1977).
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Regarding dynamic shifting between auditory attentional
foci, the current results suggest that attention to the long au-
ditory pattern is more efficiently done than attending to the
short auditory pattern. The attentional focus of the previous
trial or preparation time did not seem to influence attention to
the long pattern, whereas switching from the long pattern to
the short pattern was related to substantial switch costs. This
corroborates the notion that attending to the long pattern can
occur in a more efficient way than attending to the short
pattern.

Note, however, that some studies in the task-switching litera-
ture found greater switch costs for the more dominant task
(Allport et al., 1994; for reviews see Koch et al., 2010; Monsell
et al., 2000). To explain such switch-cost asymmetries, it has
been argued that persisting inhibition of the dominant task is
the reason for this asymmetry. However, those studies examined
task switches that include changes in the stimulus-response map-
pings. In the present set of auditory tasks (i.e., attentional foci),
persisting inhibition seems less plausible because, according to
previous research (Bouvet et al., 2011; Justus & List, 2005;
Ouimet et al., 2012; Sanders & Poeppel, 2007), there should
actually be an attentional bias in favor of the long pattern. It rather
seems that attending to the long pattern is not impaired by the
previous auditory attentional focus; however, it becomes even
more difficult to attend to the short pattern after an attention
switch.

Importantly, attention shifting to the short pattern improved
with more preparation time. This could be due to participants
preparing for the temporal structure of the sequence that helped
to extract the information on the short pattern (Astheimer &
Sanders, 2009; Sanders & Astheimer, 2008). Another possible
explanation is that participants used the time in between cue and
stimulus to build a mental template of the short pattern (Cusack
& Carlyon, 2003; Cusack et al., 2004, see also Bregman, 1990).

It would be interesting to see if theoretical notions like
Bbiased competition^ (Desimone & Duncan, 1995) or
Battentional weighting^ (Meiran et al., 2008) could be adapted
to the present sequential selection situation. Relational infor-
mation was needed to perform the task, and some tones were
more informative than others for either pattern, even though
every tone of the sequence was part of both the short and the
long pattern. If the most informative tones were enhanced and/
or the less informative ones suppressed, one would not expect
the strong asymmetric pattern of results for the long and the
short pattern that our data revealed. Temporal structure and
processing prevalence therefore must be considered in theo-
retical accounts on attending to relational information in
sequences.

Conclusions

The current study was designed to investigate auditory task
switching with the emphasis on intentional control of the

attentional focus on a cued sequential auditory pattern in tone
sequences. Extracting information and flexible attention
shifting depend on the temporal structure of the relevant part
of the auditory sequence. In general, extracting information
from a short pattern is more error-prone and less efficient than
integrating information over a long pattern. However, because
there is a preparation benefit for the short pattern, attending to
a part of the sequence can be more efficient if one knows
beforehand how the stimulus is structured and which part
contains the information that is relevant to us, especially when
we need to shift attention. This suggests distinct mechanisms
for attending to a certain part of a sequential auditory stimulus
and for attending to one auditory stimulus amongst distractors.
Future research is needed to further clarify these mechanisms.
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