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Abstract When participants judge multimodal audiovisu-
al stimuli, the auditory information strongly dominates
temporal judgments, whereas the visual information dom-
inates spatial judgments. However, temporal judgments
are not independent of spatial features. For example, in
the kappa effect, the time interval between two marker
stimuli appears longer when they originate from spatially
distant sources rather than from the same source. We in-
vestigated the kappa effect for auditory markers presented
with accompanying irrelevant visual stimuli. The spatial
sources of the markers were varied such that they were
either congruent or incongruent across modalities. In two
experiments, we demonstrated that the spatial layout of
the visual stimuli affected perceived auditory interval du-
ration. This effect occurred although the visual stimuli
were designated to be task-irrelevant for the duration re-
production task in Experiment 1, and even when the vi-
sual stimuli did not contain sufficient temporal informa-
tion to perform a two-interval comparison task in
Experiment 2. We conclude that the visual and auditory
marker stimuli were integrated into a combined multisen-
sory percept containing temporal as well as task-irrelevant
spatial aspects of the st imulation. Through this

multisensory integration process, visuospatial information
affected even temporal judgments, which are typically
dominated by the auditory modality.

Keywords Multisensory processing . Temporal processing .

Spatial localization

Perception requires combining sensory information from
different sources into a detailed representation of our
external environment. Far from being a direct translation
of physical stimulus input into a perceptual impression,
what we perceive is rather constructed out of multiple
sources of information from different sensory systems.
Crucially, in order to produce a consistent and compre-
hensive percept of our environment, information from
these multiple sensory sources has to be combined and
potential conflicts between the different modalities have
to be resolved. In this process of multisensory
integration, information from different senses is typically
not weighted equally, and the weights assigned to the
different senses seem to depend on the reliability of the
information for a particular judgment (Driver & Spence,
2000; Ernst & Banks, 2002; Ernst & Bülthoff, 2004;
Welch & Warren, 1980).

For example, when making temporal judgments, the audi-
tory system typically provides more reliable information than
the visual system (Gamache & Grondin, 2010; Repp & Penel,
2002; Ulrich, Nitschke, & Rammsayer, 2006; Wearden,
Edwards, Fakhri, & Percival, 1998). As a consequence, when
information from the auditory and the visual modality is pre-
sented concurrently (i.e., bimodally), the auditory information
typically overweighs the visual information, and thus domi-
nates the combined audiovisual percept (Aschersleben &
Bertelson, 2003; Fendrich & Corballis, 2001; Morein-Zamir,
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Soto-Faraco, & Kingstone, 2003; Shams, Kamitani, &
Shimojo, 2000; Shipley, 1964; Vroomen & de Gelder, 2004).1

Most importantly for the present study, audition strong-
ly dominates over the visual modality also regarding per-
ceived duration (Bausenhart, De la Rosa, & Ulrich, 2014;
de Haas, Cecere, Cullen, Driver, & Romei, 2013; De la
Rosa & Bausenhart, 2013; Klink, Montijn, & van Wezel,
2011; Sarmiento, Shore, Milliken, & Sanabria, 2012; Shi,
Chen, & Müller, 2010; Walker & Scott, 1981). For exam-
ple, Walker and Scott required their participants to repro-
duce the duration of auditory and visual intervals of iden-
tical duration. During unimodal stimulus presentations,
auditory intervals were typically reproduced as longer
than visual intervals. Crucially, when stimuli were pre-
sented bimodally, the perceived duration of the combined
stimulus was similar to the perceived duration of the au-
ditory unimodal stimulus, and significantly prolonged as
compared to the perceived duration of the visual unimodal
intervals. Thus, the auditory temporal information had
overruled the visual temporal information.

This basic pattern of results has been confirmed and
extended by several more recent studies that employed
physically conflicting stimulus durations and controlled
for potential confounds such as response or attentional
biases (Bausenhart et al., 2014; Klink et al., 2011;
Romei, De Haas, Mok, & Driver, 2011). For example,
when conflicting durations are presented to the different
modalities (e.g., by combining auditory and visual inter-
vals of physically different duration), perceived duration
is typically determined largely by the auditory rather than
the visual input, even if participants are required to ignore
the auditory stimulation and judge the visual duration on-
ly. At the same time, sensitivity for duration discrimina-
tion is not impaired, but rather enhanced by providing
multisensory duration information, even if the auditory
information is incongruent with the visual information
(Bausenhart et al., 2014; De la Rosa & Bausenhart,
2013). In contrast, when participants have to judge the
duration of auditory intervals and ignore concurrently pre-
sented visual intervals, duration judgments are typically
not affected by incongruent visual stimulation, or are af-
fected to a relatively small extent (Bausenhart et al., 2014;
Klink et al., 2011). Even when participants are required to
judge the combined bimodal interval (i.e., when both mo-
dalities are designated to be task-relevant), auditory infor-
mation typically contributes more strongly to the

combined audiovisual percept than does visual informa-
tion, and vision only dominates the percept when the au-
ditory stimulation is very noisy or of weak intensity
(Hartcher-O’Brien, Di Luca, & Ernst, 2014; Walker &
Scott, 1981). In conclusion, auditory temporal information
generally strongly dominates over visual temporal infor-
mation, determining the combined audiovisual duration
percept to a much stronger extent than the visual informa-
tion does.

In contrast to the auditory system’s typical dominance in
temporal perception, spatial judgments show the reverse dom-
inance, with the visual system affecting the spatial percept
more than the auditory system (Bertelson & Radeau, 1981;
Howard & Templeton, 1966; Slutsky & Recanzone, 2001;
Vroomen, Bertelson, & de Gelder, 2001; Welch & Warren,
1980). Specifically, when participants have to localize the
spatial source of an auditory stimulus, their responses are typ-
ically strongly biased toward the spatial source of a co-
occurring visual stimulus. Therefore, it is assumed that in
the process of multisensory integration, the perceived location
of an auditory stimulus gets Bpulled^ toward the perceived
location of the co-occurring visual stimulus. This phenome-
non, termed the spatial ventriloquist effect (Howard &
Templeton, 1966), is typically ascribed to the superior spatial
resolution of the visual in comparison to the auditory system.
Consistent with this notion, the influence of the auditory input
on the combined spatial percept only increases when the qual-
ity of the visuospatial input is strongly degraded, and thus, its
reliability for localization decreases (Alais & Burr, 2004;
Battaglia, Jacobs, & Aslin, 2003).

In spite of these auditory and visual dominances that de-
pend on the task domain at hand, temporal and spatial infor-
mation per se are not processed independently of each other
(Nijhawan & Khurana, 2010; Oliveri, Koch, & Caltagirone,
2009). In fact, there are considerable interactions between the
temporal and the spatial domain, which can lead to marked
perceptual distortions. A classical example for such distortions
can be found in the kappa effect (Cohen, Hansel, & Sylvester,
1953; Price-Williams, 1954), in which the perceived duration
of an empty temporal interval increases with increasing spatial
distance between the two marker stimuli indicating the begin-
ning and end of the interval (Cohen et al., 1953; Huang &
Jones, 1982; Price-Williams, 1954; Sarrazin, Giraudo,
Pailhous, & Bootsma, 2004). For example, in the study of
Price-Williams (1954), participants were required to repro-
duce the temporal interval between two successive light
flashes, which were presented from either the same location
or from two different locations separated horizontally by
32 in. The participants’ mean reproduced durations were sig-
nificantly longer when the marker flashes were presented from
different locations than when they were presented from the
same location. Thus, the spatial distance between the marker
stimuli had distorted their perceived temporal Bdistance.^ This

1 Here and throughout the article, we employ the term Bdominance^ in the
sense of Btaking a predominant role in the unified percept,^ rather than
Bcompletely taking over^ the resulting percept. In fact, several studies suggest
that the relative weighting of the modalities in multisensory integration does
not take place in an all-or-none fashion, but that there is rather a smooth
transition of the relative weights of each modality, on the basis of their relative
sensory reliabilities (e.g., Ernst & Bülthoff, 2004).
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kappa effect has not only been demonstrated in the visual, but
also in the tactile (Grondin, Kuroda, & Mitsudo, 2011; Suto,
1952) and, even though less reliably, the auditory (Grondin &
Plourde, 2007; Sarrazin, Giraudo, & Pittenger, 2007) modal-
ity.2 However, to our knowledge, the kappa effect has not been
investigated in bimodal settings so far.

Yet, such an investigation would be highly informative in
order to foster our understanding of the principles underlying
multimodal integration. Specifically, several studies have
shown that the typically observed patterns of dominance de-
pend on the stimulus intensity or input quality in the separate
modalities, presumably based on the signal-to-noise ratio of
the modalities’ inputs (Ernst & Banks, 2002; Hartcher-
O’Brien et al., 2014; Walker & Scott, 1981). Beyond such
rather low-level stimulus features, however, other factors,
such as the experimental context and the type of available
information, also might affect how much each modality con-
tributes to a combined multisensory percept (Sarmiento et al.,
2012). In the present experiments, we therefore investigated
how visual and auditory temporal information is integrated
under varying conditions of (task-irrelevant) spatial informa-
tion. On the one hand, as we outlined above, audiovisual per-
ceived duration is typically strongly dominated by auditory
information, especially when the auditory signals are clearly
perceivable. Therefore, any visual input should not—or
should only to a relatively small extent—affect perceived du-
ration (Bausenhart et al., 2014; Klink et al., 2011; Walker &
Scott, 1981). On the other hand, the perceived location of a
stimulus is dominated strongly by visual input (Bertelson &
Radeau, 1981; Howard & Templeton, 1966; Vroomen et al.,
2001), and perceived location is known to distort perceived
duration (Cohen et al., 1953; Price-Williams, 1954).
Therefore, it is also conceivable that the presence of visuospa-
tial information might impair the typical auditory dominance
in temporal perception.

The present experiments were designed to investigate such
a potential interplay between audiotemporal and visuospatial
information with regard to perceived duration. Specifically,
participants were required to perform either reproductions
(Exp. 1) or comparative judgments (Exp. 2) of the perceived
duration of auditorily marked empty intervals. These could
either be presented alone (Bunimodal^ condition) or be ac-
companied by visual stimulation (Bbimodal congruent^).
Importantly, in these conditions, interval markers were pre-
sented either from the same spatial source or from different
spatial sources, and we assessed whether kappa effects would
emerge under these conditions. Crucially, in an additional

(Bbimodal incongruent^) condition, interval markers were
spatially separated only in the visual but not in the (task-
relevant) auditory modality. We investigated whether this vi-
suospatial information would affect auditory perceived dura-
tion (i.e., whether it would lead to a prolonged perceived du-
ration; i.e., a kappa effect), despite the typical auditory dom-
inance in the temporal task domain.

Experiment 1

In this experiment, participants performed temporal reproduc-
tions of empty intervals. The magnitude of the kappa effect
was assessed in three different conditions (cf. Fig. 1). First, in
unimodal trials, participants reproduced three different tempo-
ral intervals (500, 900, and 1,600 ms), which were marked by
two brief auditory markers from either the same spatial source
or two different spatial sources. Second, in bimodal congruent
trials, the two auditory marker stimuli were accompanied by
synchronous and spatially congruent visual stimuli. Third, and
theoretically most important, in bimodal incongruent trials,
the two auditory markers were always presented from the
same spatial source (e.g., always from the left side). The syn-
chronously presented first and second visual stimuli originat-
ed from either the same spatial source as the auditory stimuli
(e.g., also both from the left side) or from different spatial
sources (e.g., the first from the left and the second from the
right side). According to the typically observed auditory dom-
inance over visual information for temporal judgments, a kap-
pa effect would be expected in the unimodal and bimodal
congruent conditions, but not in the bimodal incongruent con-
dition—in which the first and second auditory markers were
not spatially separated. In contrast, according to the typical
visual dominance over audition in the spatial domain, the vi-
sual stimuli from different spatial sources might cause an illu-
sory perceived distance between the (task-relevant) auditory
markers. This, in turn, should evoke a kappa effect also in the
bimodal incongruent condition.

Method

Participants The data for this experiment were collected by
undergraduate students of Psychology at the University of
Tübingen, in partial fulfillment of a laboratory course assign-
ment. The students recruited twenty-eight participants (23 fe-
male, five male) among their peers. All participants took part
voluntarily, were naïve to the purpose of the experiment, and
received standardized instructions. The mean age of these par-
ticipants was 24.5 years (SD = 6.6), and they received course
credit for their participation.

Stimuli and apparatus Participants were seated in a dimly lit
room at a viewing distance of approximately 55 cm from a 36-

2 Please note that here and in the following pages, we refer exclusively to
kappa effects based on the spatial distance between the marker stimuli.
Empirically more established instances of kappa-like phenomena in the audi-
tory domain are based on perceived distance on frequency or intensity contin-
ua—that is, on pitch or loudness distance (Alards-Tomalin, Leboe-McGowan,
& Mondor, 2013; MacKenzie, 2007; Shigeno, 1986).
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cm-wide CRT monitor running at 150 Hz. All stimuli were
created and presented on a Macintosh computer running
MATLAB version 7.14 (The MathWorks) and using
Psychophysics Toolbox extensions (Brainard, 1997; Kleiner
et al., 2007). All visual stimuli were presented on a black
background (<1 cd/m2). The visual stimuli consisted of a
white fixation dot (1-mm diameter), presented at the screen
center, and filled white (100 cd/m2), red (35 cd/m2), and green
(65 cd/m2) circles (17-mm diameter). These circles could be
presented at either the left or the right edge of the monitor for
20 ms. Their midpoint was 17 cm from and horizontally
aligned with the fixation point. The German expressions
Jetzt (Bnow^) and Rot oder grün? (Bred or green?^) served
as response prompts and were presented in white at the center
of the screen.

The auditory stimuli consisted of 20-ms sine tones at a
frequency of 800 Hz, presented at a volume of 78 dB, with
onset and offset ramps of 5 ms. Auditory stimuli were present-
ed from one of two speakers situated to the left and right of the
monitor, and were separated by 55 cm measured from the
center of each speaker, and thus 27.5 cm from the fixation
point.

Responses were collected using the Bm,^ By,^ and Bx^ keys
on a standard German keyboard.

Procedure The experiment took approximately 1 h. Each trial
began with the presentation of the fixation point for 750 ms.
The auditory onset marker was then presented from either the

left or right speaker for 20 ms. It was followed by an empty
interval with a duration of 500, 900, or 1,600 ms, which was
terminated by the presentation of the auditory offset marker
for 20 ms and from the left or the right speaker. Then, 100 ms
after the end of the interval duration, the response prompt Jetzt
(Bnow^) appeared, and participants were required to repro-
duce the interval duration between the auditory markers via
two keypresses (indicating the onset and offset of the
reproduced interval) of the Bm^ key with their right index
finger. The response prompt disappeared after the first
keystroke.

The three different interval durations were presented with
equal probabilities in each of the three different modality con-
ditions (unimodal, bimodal congruent, and bimodal incongru-
ent) and for each of the two different spatial source conditions
(markers from same vs. different spatial source; also see the
supplementary material for all presented stimulus
combinations). Specifically, in unimodal trials (Fig. 1, upper
panel), both the onset and offset markers were equally likely
to originate from the left and right speakers, therefore creating
trials in which the onset and offset of the interval were marked
by signals from the same spatial source (i.e., both from the left
[LL] or both from the right [RR] speaker) or from different
spatial sources (i.e., left and then right speaker [LR], or vice
versa [RL]).

Bimodal congruent trials (Fig. 1, middle panel) were iden-
tical to the unimodal trials, except that visual circles appeared
simultaneously and were spatially congruent with the auditory
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marker stimuli, that is, they originated from the same side of
presentation as the auditory markers. Thus, again, the onset
and offset markers were equally likely to occur from either the
same spatial source (i.e., LL or RR) or from different spatial
sources (i.e., LR or RL).

In bimodal incongruent trials (Fig. 1, lower panel), the
auditory marker stimuli always originated from the same spa-
tial source (i.e., regarding the auditory stimulus origin, there
were only LL and RR trials). Again, visual stimuli appeared
simultaneously with the auditory markers. The visual stimuli
could be spatially congruent with the auditory markers,
resulting in same-source trials (i.e., audiovisual LL or RR).
Thus, same-source trials in the bimodal incongruent condition
were identical to the those in the bimodal congruent condition
(and thus only dummy-coded as Bincongruent,^ in order to
achieve a fully balanced experimental design). Alternatively,
the visual and auditory stimuli could be spatially incongruent
(i.e., visual RL accompanying auditory RR, or visual LR ac-
companying auditory LL). Given the typical visual dominance
in spatial perception (Bertelson & Radeau, 1981; Howard &
Templeton, 1966; Vroomen et al., 2001), this should result in
an illusorily perceived Bdifferent^ location for the audiovisual
marker stimuli. Consequently, these trials were defined as
Bdifferent source, bimodal incongruent.^

Therefore, overall, a 3 (Interval Duration: 500, 900, 1,600
ms) × 3 (Modality Condition: unimodal, bimodal congruent,
bimodal incongruent) × 2 (Spatial Source: same vs. different)
design resulted, with the side of presentation of the first signal
(R vs. L) being fully balanced within all conditions. Each of
the resulting 18 trial types was repeated 24 times, thus creating
432 experimental trials. Participants were explicitly instructed
to reproduce the duration between the auditory signals and not
to rely on the visual signals for the reproduction task. To
assure that they would not close their eyes during the block
or completely ignore the visual stimulation, catch trials were
presented to the participants. These were identical to the bi-
modal trials described above, with one exception: In these
trials, the visual signals within a trial were either green or
red (with equal probability). In these trials, participants had
to reproduce the duration of the auditorily marked interval as
well, but in addition, after the reproduction, they were
prompted to indicate the color of the presented circles, by
pressing the By^ key for red stimuli with their left middle
finger or the Bx^ key for green stimuli with their left index
finger. A total of 48 different catch trials resulted from the
combination of the three different interval durations, the two
bimodal conditions, the two spatial sources, two sides of pre-
sentation, and the two presentation colors.

Participants first performed a practice block of 30 trials,
which were picked randomly from all possible trials. Then
participants performed the 480 trials (432 experimental + 48
catch trials), which were intermixed, presented in randomized
order, and divided into subblocks of 30 trials each. After each

subblock, there was a break in which participants were given
feedback on their performance within the last block of 30
trials. The feedback consisted of the number of errors in catch
trials, as well as the absolute percentage of deviation of the
reproduced durations from the presented durations. The latter
index was chosen because it does not provide an indication of
whether participants have over- or underestimated the interval
duration. Participants were instructed to keep this score as low
as possible, because lower scores would correspond to more
accurate reproductions. The break could be self-terminated by
a simple keypress.

Results

On average, participants correctly reported the color of the
visual stimuli on 96% [range: 85–100%] of all catch trials.
Therefore, it seems safe to conclude that none of the partici-
pants ignored the visual stimulation, and consequently, all
participants were included in the following analysis. The prac-
tice and catch trials were then discarded from further analysis.
Outlier reproductions were excluded following a two-step
procedure: First, all trials in which reproductions exceeded
5,000 ms were excluded. Then, for each participant and con-
dition, resulting from the combination of the factors of interval
duration, modality condition, and spatial source, a three-sigma
rule was applied: All reproductions that deviated bymore than
±3 standard deviations from the mean of the respective con-
dition for a given participant were excluded from further anal-
ysis. This procedure resulted in 0.55% of excluded trials
overall.

Reproduced duration A three-way repeated measures anal-
ysis of variance (ANOVA)was then performed for reproduced
duration, with the factors Interval Duration, Modality
Condition, and Spatial Source (see Fig. 2). In the following
results, whenever appropriate, Greenhouse–Geisser-corrected
p values are reported. As one would expect, there was a main
effect of interval duration, F(2, 54) = 400.32, p < .001, ηp

2 =
.94, with the mean reproduced durations (556, 987, and 1,390
ms) increasing with increasing interval durations (500, 900,
and 1,600 ms, respectively). Overall, participants reproduced
somewhat longer durations in the unimodal condition (986
ms) than in the bimodal congruent (976 ms) and bimodal
incongruent (971 ms) conditions, as indicated by a main effect
of modality condition,F(2, 54) = 5.43, p = .02, ηp

2 = .17.Most
importantly, longer mean reproduced durations were observed
for stimuli presented from different spatial sources (1,002 ms)
than for stimuli presented from the same spatial source (954
ms), F(1, 27) = 38.40, p < .001, ηp

2 = .59. Thus, a typical
kappa effect was observed. Interestingly, modality condition
modulated the size of this kappa effect, as indicated by an
interaction of modality condition and spatial source, F(2, 54)
= 8.20, p = .002, ηp

2 = .23. Also, there was an interaction of
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modality condition and interval duration, F(4, 108) = 6.27, p <
.001, ηp

2 = .19. Neither the interaction of interval duration and
spatial source (p = .63) nor the three-way interaction (p = .19)
was significant.

Follow-up analyses were conducted to decompose the the-
oretically important interaction of spatial source and modality
condition. Since interval duration did not interact with spatial
source (i.e., it did not modulate the size of the kappa effect),

we aggregated reproduced duration over all interval durations
and then computed the size of the kappa effect as the differ-
ence κ = reproduced duration in different-source trials –
reproduced duration in same-source trials, for each of the mo-
dality conditions. Then a repeated measures ANOVAwith the
factor Modality Condition was conducted on the magnitudes
of the kappa effect (Fig. 3). This analysis revealed a significant
effect of modality condition, F(2, 54) = 8.20, p = .002, ηp

2 =

Fig. 2 Mean reproduced durations (±1 SE) in milliseconds in Experiment 1, as a function of interval duration and spatial source. The different panels
depict the three different modality conditions. Within-subjects SEs are computed according to Morey (2008)

Fig. 3 Mean kappa effects (±1 SE) in milliseconds (calculated as the
reproduced duration in different-source minus same-source trials) in
Experiment 1, as a function of modality condition. Asterisks indicate

significant results from Bonferroni-corrected post hoc comparisons.
Within-subjects SEs are computed according to Morey (2008)

540 Atten Percept Psychophys (2018) 80:535–552



.23, which corresponds to the interaction of modality condi-
tion and spatial source from the omnibus ANOVA reported
above. Specifically, the kappa effects amounted to 24 ms in
the unimodal condition, 59 ms in the bimodal congruent con-
dition, and 61 ms in the bimodal incongruent condition.
Pairwise Bonferroni-corrected comparisons revealed differ-
ences between the unimodal condition and both the bimodal
congruent, t(27) = 2.84, p = .03, and bimodal incongruent,
t(27) = 3.57, p < .01, conditions, but no difference between
the two bimodal conditions, t(27) = 0.31, p = 1.00. Therefore,
even though kappa effects emerged in all three modality con-
ditions, they were more pronounced when visual information
was presented in addition to the auditory information. Most
interestingly, these bimodal kappa effects occurred irrespec-
tive of whether or not the visual information was congruent
with the auditory information.

Variability of reproductions A repeated measures ANOVA
with the factors Interval Duration, Modality Condition, and
Spatial Source was carried out for the standard deviations of
reproduced durations (SD; see Fig. 4 for the correspondingMs
and SEs), which reflects the variability of duration reproduc-
tions. This analysis revealed that, unsurprisingly, the variabil-
ity of the reproductions increased with interval duration, F(2,
54) = 73.65, p < .001, ηp

2 = .73. Specifically, the mean SDs
were 87, 145, and 219 ms for the 500-, 900-, and 1,600-ms
interval durations, respectively. Also, reproductions were
slightly more variable in the unimodal (152 ms) and the bi-
modal congruent (154 ms) conditions than in the bimodal
incongruent condition (145 ms), F(2, 54) = 3.89, p = .03,
ηp

2 = .13. Marginally more variable reproductions were ob-
served for intervals marked by different (154 ms) rather than

same (146 ms) spatial sources, F(1, 27) = 3.90, p = .06, ηp
2 =

.13. This marginal effect was presumably due to an interaction
of interval duration and spatial source,F(2, 54) = 3.87, p = .03,
ηp

2 = .13, such that reproductions were more variable for
different than for the same spatial source at the 500-ms inter-
val (77 vs. 97 ms), but not at the 900-ms (145 vs. 145 ms) or
the 1,600-ms (217 vs. 220 ms) interval. None of the other
interactions approached significance (all Fs < 1).

Discussion

In the unimodal auditory condition, participants reproduced
interval durations as being longer when the respective inter-
vals were marked by stimuli presented from different rather
than from the same spatial source. This kappa effect was pres-
ent across a relatively wide range of interval durations (500–
1,600 ms), thus extending previous evidence of a kappa effect
for auditorily marked intervals of 150 and 225 ms (Grondin &
Plourde, 2007).

Interestingly, the magnitude of the kappa effect more than
doubled when visual signals were presented along with the
auditory signals in the bimodal congruent condition. This
seems somewhat counterintuitive, considering the spatial
properties of our experimental layout: Because the loud-
speakers were placed to the left and right of the monitor
employed for visual stimulation, the visual stimuli in the
different-source condition were actually physically less sepa-
rated (34 cm) than the auditory stimuli (55 cm, measured from
the centers of the speakers). Therefore, on the basis of physical
distance, one might expect the kappa effect to decrease when
visuospatial information is taken into account. However, due
to the superior spatial resolution of the visual system, the

Fig. 4 Mean standard deviations of the reproduced durations (±1 SE) in milliseconds in Experiment 1, as a function of interval duration and spatial
source. The different panels depict the three different modality conditions. Within-subjects SEs are computed according to Morey (2008)
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perceived distance between the spatial sources of the marker
stimuli might be much more pronounced when visual stimuli
are present rather than just unimodal auditory ones. Actually,
by employing the Müller-Lyer illusion, the kappa effect has
been shown to depend on the perceived illusory rather than
physical distance (Lebensfeld & Wapner, 1968). Therefore,
we interpret the present findings as a sign of a multisensory
integration process, by which the auditory and their accompa-
nying visual markers were integrated into a combined multi-
sensory percept, also incorporating the task-irrelevant spatial
information, which is more readily and concisely available
from the visual modality. The spatial properties of this com-
bined audiovisual percept then affected perceived duration.
Thereby, visual information contributed strongly to the tem-
poral percept. This finding contrasts with a variety of previous
results demonstrating that auditory information typically
strongly dominates visual information regarding perceived
duration (Bausenhart et al., 2014; De la Rosa & Bausenhart,
2013; Klink et al., 2011; Romei et al., 2011; Walker & Scott,
1981).

Crucially, evidence for such a visual influence on au-
ditory information in the temporal domain was present
even in the bimodal incongruent condition, in which only
the visual, but not the auditory, information was presented
from different spatial sources. Specifically, on the basis of
the typical dominance of auditory information for dura-
tion processing, a kappa effect would not be expected in
the bimodal incongruent condition. In contrast to this hy-
pothesis, however, a kappa effect was observed.
Moreover, this effect was just as strong as the one ob-
served in the bimodal congruent condition. Thus, this
finding provides even stronger evidence for the notion
that visuospatial information influences the perception of
audiotemporal information.

Even though this has not been directly assessed in the pres-
ent study, a plausible explanation for this finding is that the
physical distance between the visual stimuli might have led to
an illusory distance between the same-source auditory
markers, which in turn evoked a kappa effect. On the basis
of the similar magnitudes of the kappa effect, one might infer
that this illusory perceived distance was comparable to the
perceived distance in the bimodal congruent condition, in
which both auditory and visual stimuli were presented from
physically different locations. Hence, the conflict between
spatial information from the auditory and visual modalities
presumably has been resolved in favor of the visual informa-
tion, just as one might expect from studies on the spatial ven-
triloquist effect, which have demonstrated visual dominance
when clearly perceivable visual signals are employed (Alais &
Burr, 2004; Bertelson & Radeau, 1981; Slutsky & Recanzone,
2001; Vroomen et al., 2001). However, while these studies
typically require a response in the spatial domain (e.g.,
pointing to the spatial source of stimulation), the present

results indicate that this phenomenon might also affect per-
ception in the temporal domain through a process of multisen-
sory integration.

However, there is a caveat to this explanation of our results
in terms of multisensory integration processes. Specifically,
one might argue that participants did not obey the instruction
to reproduce the intervals marked by the auditory stimuli,
but—in bimodal trials—rather reproduced the intervals on
the basis of the visual stimulation. According to this strategy,
kappa effects of comparable magnitude should have emerged
in the bimodal congruent and in the bimodal incongruent con-
dition. Specifically, in same-source trials, visual stimuli
emerged from the same spatial location, whereas in
different-source trials, visual stimuli emerged from spatially
distinct locations, and this was true for both the congruent and
the incongruent modality condition. Thus, if participants had
ignored the auditory stimulation and responded to the visual
stimulation only, this could have resulted in a result pattern
similar to the one observed.

On the one hand, our data provide some evidence con-
sistent with this notion, since overall, unimodal auditory
intervals were reproduced as being slightly longer than
bimodal ones (around 15 ms at the 900-ms interval).
Such a difference would be expected if participants had
judged duration in bimodal trials on basis of the visual
information alone (Wearden et al., 1998). However, the
observed difference was much smaller than what would
be expected on the basis of comparable studies (De la
Rosa & Bausenhart, 2013; Walker & Scott, 1981), and
thus, this factor presumably plays only a minor role in
explaining the present results.

On the other hand, several points clearly argue against this
alternative explanation: First, sensitivity for temporal judg-
ments is typically much higher in the auditory than in the
visual modality (e.g., Gamache & Grondin, 2010; Ulrich
et al., 2006). It seems very unlikely that participants would
deliberately rely on the modality with inferior temporal reso-
lution and thus increased task difficulty. However, if partici-
pants had nonetheless followed such a strategy and responded
on the basis of the visual information while ignoring the au-
ditory information, one would expect lower sensitivity, and
consequently a higher variability of reproductions in bimodal
than in unimodal auditory trials (Bausenhart et al., 2014; Shi
et al., 2010). This was clearly not the case in the present data;
if anything, the SDs of reproductions were even slightly lower
in the bimodal incongruent than in the unimodal condition.
Actually, this result rather strengthens the notion that re-
sponses were based on a combined multisensory percept,
since multisensory integration is typically assumed to reduce
perceptual noise, in order to achieve an optimally stable per-
cept (Battaglia et al., 2003; Ernst & Bülthoff, 2004). Second,
the relatively high proportion of unimodal auditory trials
(around one third of all trials) would have made a strategy of
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ignoring the auditory stimulation even more counterproduc-
tive, since a presumably effortful shift of attention between
modalities would be required on a trial-by-trial basis
(Grondin, Ivry, Franz, Perreault, & Metthé, 1996; Rousseau,
Poirier, & Lemyre, 1983; Ulrich et al., 2006).

Nonetheless, the validity of the present conclusions de-
pends critically on the assumption that participants obeyed
the instruction to reproduce the interval marked by the audi-
tory stimuli rather than relying on the visual information
alone. Only if this assumption is met can one safely conclude
that the bimodal kappa effects found here indicate the results
of a multisensory integration process, which combines spatial
and temporal information in order to produce a coherent tem-
poral percept, rather than a simple response strategy or
crossmodal bias. Therefore, we designed Experiment 2 to spe-
cifically rule out this alternative explanation of attending and
responding to the visual stimulation only.

Experiment 2

The basic results obtained in Experiment 1 point to multisen-
sory integration of temporal and spatial information from the
visual and auditory modalities, by which visuospatial infor-
mation affects the perception of the temporal information con-
veyed by the auditory modality. Alternatively, however, one
might attribute our results to a response strategy, according to
which participants ignored the auditory stimulation and
responded on the basis of the visual information. To rule out
this alternative, we created a situation in which the task-
relevant temporal information was only provided in the audi-
tory modality, but not in the visual modality (Bausenhart et al.,
2014; Morein-Zamir et al., 2003).

To this end, we employed the method of constant stimuli in
order to assess perceived duration. Specifically, rather than
reproducing a single empty temporal interval marked by two
brief auditory stimuli, participants had to compare the duration
of two successive empty intervals marked by three brief audi-
tory stimuli. This three-stimulus setup is sometimes even de-
scribed as the standard paradigm to elicit the kappa phenom-
enon, and leads to more consistent evidence in favor of the
kappa effect than do single-interval presentations such as
those employed in Experiment 1 (Kuroda, Grondin, &
Tobimatsu, 2014; Roussel, Grondin, & Killeen, 2009; Roy,
Kuroda, & Grondin, 2011). In bimodal trials, visual stimula-
tion was included that could alter the perceived spatial prop-
erties of the combined multimodal percept of the marker stim-
uli, yet was not sufficient for performing the temporal task.
Specifically, visual stimuli only accompanied the first and
third auditory markers, but not the second one, which sepa-
rates the two successive intervals. Accordingly, the visual mo-
dality did not contain any information about the relative du-
ration of the two intervals. Thus, in order to compare the

durations of the two intervals, participants had to rely on the
auditory information in each trial. In this experiment, again,
same-source and different-source trials were created in a
unimodal auditory, a bimodal congruent, and a bimodal incon-
gruent condition.

If the results of Experiment 1 were due to noncompliant
attention allocation to the visual modality rather than multi-
sensory integration, in Experiment 2 any observed effect of
spatial information on temporal perception should be based on
the information available from the auditory modality alone.
Specifically, then, kappa effects of comparable magnitude
should be observed in the unimodal and bimodal congruent
conditions. In contrast, the kappa effect should be absent in the
bimodal incongruent condition. On the other hand, if the re-
sults of Experiment 1 were due to a multisensory integration
process, by which the task-irrelevant visual information af-
fected the auditory temporal judgments, a kappa effect would
be expected in all three conditions.

Method

Participants A fresh sample of 20 participants was recruited
for Experiment 2. Two of the participants from this sample
were removed (one only finished one of the two experimental
sessions, and one reported adjusting the volume settings dur-
ing the experiment). The final sample consisted of 14 women
and four men with a mean age of 22.72 years (SD = 4.07). All
participants took part voluntarily, provided written informed
consent, were naïve to the purpose of the experiment, and
received standardized instructions.

Stimuli and apparatus The stimuli and apparatus were iden-
tical to those in in Experiment 1, with the only exception that
the B,^ key was also used for response collection.

Procedure Each participant took part in two sessions com-
pleted on different days, each of which lasted approximately
75 min. Participants had to compare two subsequently pre-
sented offset-to-onset intervals, indicated by three successive
tones. Specifically, the first interval duration was marked by
the first and the second tone, and the second interval was
marked by the second and the third tone. As in Experiment
1, trials could be either unimodal, bimodal congruent, or bi-
modal incongruent (also see the supplementary material for all
potential stimulus combinations).

Unimodal trials began with the presentation of the fixation
point, which remained on the screen until the response prompt
appeared. After 750 ms following the onset of the fixation
point, three auditory stimuli were presented for 20 ms each,
separated by the first and second empty intervals. There were
two types of intervals: standard intervals (500 ms) and com-
parison intervals, which were equiprobable and symmetrically
distributed around the standard duration (367, 400, 433, 467,
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500, 533, 567, 600, or 633 ms). The comparison duration and
presentation order of the standard and comparison were ran-
domized across trials, and both presentation orders were equi-
probable. The first auditory stimulus was presented with equal
probability from either the left or the right speaker. The spatial
source of the remaining marker stimuli was determined by the
following rules: Tones marking the standard interval were
always presented from the same spatial source. Tonesmarking
the comparison interval could be presented either from the
same spatial source as the previous two (thus creating same-
source trials; e.g., RRR) or from a different spatial source
(creating different-source trials; e.g., RRL for the presentation
order standard first, or LRR for the presentation order stan-
dard second). Then, 100 ms following the offset of the third
auditory marker, the response prompt appeared, and partici-
pants indicated with the index (Bm^ key) and middle finger
(B,^ key) of their right hand whether they had perceived the
first or second interval, respectively, as longer. After their
response, the fixation point reappeared, and the next trial be-
gan 1,000 ms later.

Bimodal congruent trials were identical to unimodal trials,
except that the visual stimuli appeared simultaneously and
spatially congruent (i.e., either on the left or on the right) with
the first and third auditory marker stimuli. The second audi-
tory marker was never accompanied by a visual stimulus (e.g.,
auditory RRR accompanied by visual R_R, or auditory RRL
accompanied by visual R_L). Thus, the visual modality alone
did not convey sufficient information to fulfill the interval
comparison task.

Finally, in bimodal incongruent trials, visual stimuli were
also presented synchronously with the first and third auditory
marker stimuli. However, they were spatially congruent with the
auditory markers only in same-source trials, in which again all
stimuli within a trial were presented from the same source (as in
Exp. 1, these trials were nonetheless dummy-coded as bimodal
incongruent trials in order to obtain a fully balanced experimen-
tal design). In different-source trials, the first auditory and visual
stimuli were always spatially congruent. The second visual stim-
ulus, however, was always temporally synchronous but spatially
incongruent with the third auditory marker. Specifically, when
the standard interval was presented first, all three auditory stim-
uli and the first visual stimulus originated from the same spatial
source (e.g., auditory RRR accompanied by visual R_L). Thus,
in these trials, the spatially incongruent visual stimulus present-
ed with the third auditory marker should evoke an illusory spa-
tial separation between the markers of the comparison interval.
Therefore, the comparison interval (demarcated by the second
and third auditory stimuli) might appear prolonged in compari-
son to the standard interval (demarcated by the first and second
auditory stimuli). In trials in which the standard interval was
presented second, the three auditory stimuli originated from
different spatial sources. Again, the first visual stimulus was
spatially congruent with the auditory stimulus, but the second

was not (e.g., auditory RLR accompanied by visual R_L). Here
the perceived distance between the standard interval markers
(i.e., the second and third auditory marker) should be decreased
by the spatially incongruent visual stimulus. Then, again, the
comparison interval should appear prolonged in comparison to
the standard interval.3

Therefore, overall, a 3 (Modality Condition: unimodal, bi-
modal congruent, bimodal incongruent) × 2 (Spatial Source:
same vs. different) × 9 (Comparison Interval Durations: 367,
400, 433, 467, 500, 533, 567, 600, or 633 ms) design resulted,
with side of presentation of the first signal (R vs. L) and
presentation order of standard and comparison fully balanced
within all conditions. Within each of two sessions, each of the
resulting 54 conditions was repeated 12 times, resulting in 648
experimental trials. Again, additional catch trials were pre-
sented in order to assure that participants would not close their
eyes during the block or completely ignore the visual stimu-
lation. As in Experiment 1, these catch trials were similar to
the bimodal trials described above, but with the visual signals
randomly colored either green or red. After participants had
responded to the comparison task, they were prompted to
indicate the color of the presented circles by pressing the
By^ key for red stimuli and the Bx^ key for green stimuli with
their left middle and index fingers, respectively. Eighty differ-
ent catch trials resulted from the combination of the two bi-
modal conditions, two spatial sources, two presentation or-
ders, two sides of first stimulus presentation, and five different
comparison durations distributed symmetrically around the
standard duration (393, 447, 500, 553, or 607 ms).

Participants thus completed two experimental sessions with
756 trials each, consisting of one block of 28 practice trials
(picked at random from all possible trials) and then 728 trials
(648 experimental and 80 catch trials) presented in random
order. After each 28 trials, participants could take a self-
terminated break and were given feedback on their perfor-
mance within the last subblock. The feedback consisted of
the number of errors in the catch-trial task and the percentage
of correct responses in the interval discrimination task.

Results

In catch trials, participants achieved an average of 96% correct
responses (range = 76%–100%), and thus all participants were
included in the following analyses. Subsequently, all practice
and catch trials were discarded from the data.

Figure 5 shows the average proportions of Bcomparison
longer than standard^ responses for each combination of

3 As an anonymous reviewer pointed out, in bimodal incongruent different-
source trials there were more location changes within the auditory modality for
the stimulus order "comparison first" (e.g. RLR) than in all other conditions of
this experiment. Additional analyses including the factor Stimulus Order, how-
ever, demonstrated that the magnitude of the kappa effect was not affected by
the number of auditory location changes within a given trial.
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modality condition, spatial source, and comparison duration.4

Visual inspection of these psychometric functions suggests
several important aspects of the data: First, unsurprisingly, in
all conditions the probability of judging the comparison inter-
val as longer than the standard interval increases with com-
parison duration. Second, when the visual and auditory
markers of the standard and comparison intervals stem from
the same spatial source, the point of subjective equality (PSE;
i.e., the comparison duration corresponding to approximately
50% of Bcomparison longer^ responses) seems to be very
close to the duration of the standard interval (500 ms). Thus,
perceived duration of the comparison stimulus is quite verid-
ical when the marker stimuli of the standard and comparison
interval are presented at the same spatial source, and this is
true for all modality conditions. Third, in different-source tri-
als, the psychometric functions seem to be shifted laterally to
the left. In other words, the PSE seems smaller than the one
observed in same-source trials. This reflects an overestimation
of the comparison interval with respect to the 500-ms standard
duration, and also with respect to the comparison intervals
presented in the same-source condition (i.e., a kappa effect).
Again, this is true for all modality conditions, even though the

effect seems to be somewhat less pronounced in the bimodal
incongruent condition.

To test these impressions more comprehensively, logistic
psychometric functions were fitted to the proportions of
Bcomparison longer^ responses (P) at all comparison dura-
tions (xi), separately for each participant, modality condition,
and spatial source:

P xið Þ ¼ 1

1þ e− xi−að Þ=b

where a represents the location (i.e., the PSE) and b repre-
sents the spread (i.e., the inverse slope) of the psychometric
function. The just noticeable difference (JND), corresponding
to the interquartile range of the psychometric function, can be
computed as JND = b × ln(3) (Bush, 1963). PSE and JND
indicate the judged duration of the comparison stimulus and
discrimination sensitivity, respectively. The functions were
fitted through a maximum-likelihood procedure by using the
MATLAB function Bfminsearch,^ which is an implementa-
tion of the Nelder–Mead algorithm (Nelder & Mead, 1965).
Goodness of fit was assessed by computing the devianceD for
each of the 108 estimated psychometric functions (3 Modality
Conditions × 2 Sources × 18 Participants) separately. On av-
erage,D amounted to 7.45 (SD = 4.00, range = [1.12, 21.83]).
Chi-square tests conducted on these values with df = 8 re-
vealed only five (4.6%) significant results with p < .05.
Considering the Type I error rate (α = .05), this indicates
appropriate goodness of fit for the estimated psychometric
functions.

Fig. 5 Mean proportions of Bcomparison (c) longer^ responses (±1 SE) in Experiment 2, as a function of comparison duration and spatial source. The
different panels depict the three different modality conditions. Within-subjects SEs are computed according to Morey (2008)

4 In all following analyses, the data were collapsed over presentation orders of
the standard and comparison. It should be noted, however, that an additional
analysis including this factor (Bausenhart, Dyjas, Vorberg, & Ulrich, 2012;
Ulrich & Vorberg, 2009), as well as an analysis based on the nonparametric
Spearman–Kärber method (Ulrich & Miller, 2004), yielded similar results.
Most crucially, in all additional analyses, robust kappa effects were observed
for all three modality conditions.
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Point of subjective equality A repeated measures ANOVA
with the factors Modality Condition and Spatial Source was
conducted for PSE. Modality condition did not significantly
affect the PSE, F(2, 34) = 2.43, p = .10, ηp

2 = .12. The PSE
was smaller, however, for the different-source condition (M =
467.4 ms, SD = 37.4) than for the same-source condition (M =
498.2 ms, SD = 14.5),F(1, 17) = 12.44, p < .01, ηp

2 = .42. This
corresponds to an overestimation of the comparison duration
in different-source trials as compared to same-source trials,
and thus, to a typical kappa effect. Also, there was an interac-
tion of modality condition and spatial source, F(2, 34) = 5.11,
p = .01, ηp

2 = .23. To investigate this interaction inmore detail,
the kappa effect was computed for each participant and mo-
dality condition as the difference κ = PSE(same-source) –
PSE(different-source). It should be noted that since smaller
values of the PSE reflect prolonged perceived duration, here
again positive values indicate the presence of a typical kappa
effect. Across participants, the kappa effects amounted to
38 ms in the unimodal condition, 30 ms in the bimodal con-
gruent, and 24 ms in the bimodal incongruent condition.
Pairwise Bonferroni-corrected t tests were conducted to com-
pare the magnitude of these effects across the different mo-
dality conditions. These comparisons showed that the kappa
effect was smaller in the bimodal incongruent condition than
in the unimodal condition, t(17) = 2.94, p = .03 (cf. Fig. 6).
None of the other comparisons reached significance, all ps >
.19. Nonetheless, even in the bimodal incongruent condition,
the observed kappa effect was significantly larger than zero,
t(17) = 2.53, p = .02.

Just noticeable difference A repeated measures ANOVA
with the factors Modality Condition and Spatial Source re-
vealed that modality condition alone did not affect the JND,
F(2, 34) = 2.82, p = .10, ηp

2 = .14. Overall, the JND for same-
source trials (M = 88 ms) was slightly smaller than that for
different-source trials (M = 96 ms), F(1, 17) = 4.68, p < .05,
ηp

2 = .22. A marginal interaction between the two factors
reflects that this effect was mostly due to the unimodal and
bimodal incongruent conditions, whereas in the bimodal con-
gruent condition, the JND was numerically even slightly larg-
er on same-source than on different-source trials, F(2, 34) =
3.48, p = .07, ηp

2 = .17 (cf. Fig. 7).

Discussion

Experiment 2 replicated the basic finding of an auditory kappa
effect in the unimodal condition, that is, longer perceived du-
ration in different-source trials than in same-source trials. The
magnitude of this effect was numerically comparable (38.3
ms) to the one observed in Experiment 1 (35.4 ms for the
unimodal 500-ms interval). This seems quite remarkable, giv-
en several differences between the two experiments. First, the
tasks employed to measure perceived duration were duration
reproduction in Experiment 1 and two-alternative forced
choice interval comparison in Experiment 2. Therefore, the
response mode (production of a motor response vs. perceptual
judgment) differed between these tasks. Second, only in the
latter task was a constant standard interval presented in each
trial, against which the magnitude of the relevant comparison

Fig. 6 Mean kappa effects (±1 SE) inmilliseconds (calculated as the PSE
in same-source trials minus the PSE in different-source trials) in
Experiment 2 as a function of modality condition. Asterisks indicate

significant results from Bonferroni-corrected post hoc comparisons.
Within-subjects SEs are computed according to Morey (2008)
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interval had to be compared directly. Third, in the reproduc-
tion task the interval durations extended across a rather large
range (500–1,600 ms) and were randomly intermixed, where-
as the presented intervals in Experiment 2 varied across a
much smaller range (367–633 ms, ranging around a 500-ms
standard).

Given the lack of a standard interval and the greater vari-
ability of the presented intervals in Experiment 1, it might
have been conceivable that the responses were more prone
to biases in perceived duration than were the responses in
Experiment 2. Yet this was apparently not the case: Kappa
effects of comparable magnitude were observed for the 500-
ms intervals in the unimodal conditions. Therefore, the present
kappa effect not only occurs across a range of durations (Exp.
1), but also seems quite robust against variations of the stim-
ulation conditions und judgment mode (Roy et al., 2011).

Despite the similarity of the kappa effect’s magnitude in
unimodal conditions, remarkably, the observed kappa effects
in the bimodal conditions of the two experiments differed
quite strongly in magnitude. In Experiment 1, the kappa ef-
fects observed in bimodal congruent and incongruent trials
were larger than the ones observed in unimodal auditory trials.
In Experiment 2, the kappa effect observed in bimodal incon-
gruent trials was significantly smaller than the one observed in
unimodal trials. Numerically, the kappa effect in bimodal con-
gruent trials was also smaller than the unimodal kappa effect,
and larger than the bimodal incongruent kappa effect, but it
did not differ significantly from either condition. There are
two potential explanations for this finding of reduced bimodal
kappa effects in Experiment 2.

First, this finding might indicate that the proposed alterna-
tive explanation of Experiment 1—that is, participants
responding on the basis of the visual information alone rather

than of the auditory or the combined multisensory informa-
tion—was indeed valid to some extent. Since the visual mo-
dality is much more sensitive for spatial information than is
the auditory modality, this strategy would presumably lead to
a more pronounced kappa effect in bimodal than in unimodal
auditory trials. Precluding this potentially harmful decision
strategy in Experiment 2, however, forced participants to base
their decisions on the auditory interval markers. This, in turn,
would have led to a more noisy representation of the spatial
properties of stimulation, and therefore to reduced kappa ef-
fects in bimodal trials as compared to Experiment 1. Actually,
this explanation might be tested more directly by assessing
kappa effects also in a unimodal visual condition. Here, the
kappa effect should be just as large as, or even larger than, the
one in bimodal trials. However, our experiments purposely
did not include such a condition, for two reasons: First, the
participants were actually instructed to base their temporal
reproductions and decisions on the auditory information only,
and we did not want to compromise this instruction by includ-
ing a visual unimodal condition. Second, this information
would not have been informative with regard to our main
experimental question.

A second possible explanation of this pattern of results is
based on the fact that in Experiment 1, all visual marker sig-
nals in bimodal trials were accompanied by auditory stimuli,
but in Experiment 2, only two of the three visual markers were
accompanied by auditory stimuli. Indeed, it has been shown
that the contingency of the inputs from the different modalities
affects the extent to which multisensory integration takes
place (Bausenhart et al., 2014; Klink et al., 2011; Sarmiento
et al., 2012). For example, in Klink et al. (2011), participants
judged the duration of visually presented filled intervals,
which were accompanied by auditory filled intervals of incon-
gruent duration. In several experiments, auditory duration
strongly affected perception of the visual intervals. When the
auditory intervals were embedded in a regular stream of audi-
tory unimodal stimulation, however, their biasing effect on
visual interval perception diminished. Presumably, these con-
ditions violated the Bunity assumption^ (Welch & Warren,
1980), which has often been described as a prerequisite for
multisensory integration processes to occur. Similarly, multi-
sensory integration effects on perceived duration of empty
visual intervals were much smaller when the visual interval
markers were accompanied by only one rather than by two
auditory pulses (Bausenhart et al., 2014). Likewise, in the
present Experiment 2, which used a similar setup, multisenso-
ry biasing effects of the irrelevant auditory information on the
relevant visual information were observed, even though to a
reduced extent than in Experiment 1. Thus, the reduced mag-
nitude of the bimodal kappa effects in Experiment 2 might
have been caused by the reduced contingency between the
auditory and visual information, and thus a reduced strength
of multisensory integration. It should be noted that these two

Fig. 7 Mean just noticeable differences (JNDs, ±1 SE) in milliseconds in
Experiment 2, as a function of modality condition and spatial source.
Within-subjects SEs are computed according to Morey (2008)
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explanations (precluding decisions based on visual informa-
tion and hampered multisensory integration due to reduced
contingency between the modalities) are not mutually exclu-
sive, and could have both affected the outcome of Experiment
2 to some extent.

As we noted above, Experiment 2 ruled out the possibility
that participants based their decisions on information from the
irrelevant visual modality alone. However, participants might
have adopted the alternative strategy to deliberately switch
between the signal modalities within each trial, such that the
temporal information of the first and third markers was ob-
tained from the visual modality, and the temporal information
of the second marker was obtained from the auditory modal-
ity.5 However, since all trials in the present experiment were
randomly intermixed, participants could not predict in ad-
vance whether a unimodal or a bimodal trial would be pre-
sented, making such a strategy rather unlikely. Moreover, a
large body of evidence has shown that intermodal shifts in
duration discrimination strongly impair discrimination perfor-
mance (Grondin et al., 1996; Rousseau et al., 1983; Ulrich
et al., 2006). Thus, a Bswitching^ strategy would entail higher
JNDs in bimodal than in unimodal auditory trials. In contrast
to this prediction, however, JNDs did not significantly differ
between the modality conditions. Therefore, the Bswitching^
account is not a viable explanation for the results of
Experiment 2.

Consequently, the effects of the irrelevant stimulation on
the relevant modality can be attributed to multisensory inte-
gration processes. Even though the reduced contingency be-
tween modalities presumably goes along with a reduction of
the amount of multisensory integration effects, a reliable kap-
pa effect was still observed in the bimodal incongruent condi-
tion. Thus, the most important finding of Experiment 1 was
replicated, while any effects of noncompliant attention alloca-
tion to the visual modality were precluded. Therefore, this
effect seems to be the result of integration of the visuospatial
properties of stimulation into the audiotemporal percept.
Consequently, participants based their temporal decisions on
the integrated multisensory percept, which combined spatial
and temporal aspects of stimulation.

General discussion

Taken together, the present results support previous findings
of a unimodal auditory kappa effect based on spatial distance
(Grondin & Plourde, 2007). In addition, and more importantly
for the present purpose, bimodal kappa effects have been in-
vestigated for the first time. In two experiments, we observed
clear kappa effects for the presentation of congruent audiovi-
sual interval markers, that is, longer perceived duration when

the markers are presented from distant rather than from the
same spatial source. Most importantly, such kappa effects
were even observed in a bimodal incongruent condition, in
which the spatial distance of the marker stimuli was physically
only present in the task-irrelevant visual modality. This find-
ing demonstrates that visuospatial information can affect the
processing of audiotemporal information in temporal repro-
duction (Exp. 1) and discrimination (Exp. 2) tasks.
Moreover, Experiment 2 confirmed that this effect was not
just due to strategic responding on basis of the irrelevant vi-
sual information. Thus, the observed dominance of visuospa-
tial over audiotemporal information seems to rely on a rather
automatic process of multimodal integration of the informa-
tion from different senses.

Crucially, this process combines not only aspects of the
stimulation that are directly relevant to the task at hand (i.e.,
temporal information from the auditory modality), but also
other aspects that are, per instruction, task-irrelevant (i.e., spa-
tial information from the visual modality). Such a nonselective
integration of the basic features of stimulation may be taken as
evidence for a rather early locus of multisensory integration
mechanisms, acting before attentional selection can filter out
task-irrelevant aspects of stimulation. This is in line with stud-
ies demonstrating that multisensory integration, as for exam-
ple in the spatial ventriloquism effect, proceeds independently
of deliberate or automatic attention allocation to the multisen-
sory stimulation (Bertelson, Vroomen, Gelder, & Driver,
2000; Vroomen et al., 2001). Moreover, this view would be
consistent with the results of various neurophysiological stud-
ies showing that multisensory integration acts relatively early
in perceptual processing (e.g., Noesselt et al., 2010;
Stekelenburg & Vroomen, 2005; for overviews, see Alais,
Newell, & Mamassian, 2010; Driver & Noesselt, 2008), as
well as behavioral studies indicating perceptual benefits
caused by concurrent uninformative stimulation from other
modalities (Chen & Spence, 2011; Huang, Yeh, Chen, &
Spence, 2011; Morein-Zamir et al., 2003; Vroomen &
Keetels, 2009).

How could such an early integration effect be brought in
line with theoretical explanations of temporal perception in
general and of the kappa effect in particular? For example,
as outlined above, a spatial ventriloquist effect might act on
the perceived location of the auditorymarker stimuli, such that
perceived distance between those markers is increased in the
bimodal conditions in which visual markers stem from differ-
ent spatial sources. These integrated multimodal marker per-
cepts then might trigger the switch component of a pacemak-
er–accumulator mechanism (Gibbon, 1977; Treisman, 1963),
which starts and ends the accumulation of temporal pulses.
Actually, there is evidence for the notion that multisensory
integration of temporally incongruent audiovisual markers
modulates the perceived interval duration via this switch
mechanism (De la Rosa & Bausenhart, 2013).5 We thank an anonymous reviewer for pointing this out.
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Relating this mechanism to the integration of spatially in-
congruent audiovisual signals, a suggestion by Aschersleben
and Müsseler (2008) becomes relevant, which attributes the
kappa effect to spatial priming. Accordingly, when two stimuli
are presented successively, a gradual activation pattern builds
up around the spatial position of the first stimulus. Perception
of the second stimulus is consequently sped up by this
preexisting activation when it is presented at or near the loca-
tion of the first stimulus, as compared to stimulation at more
distant locations. In terms of a pacemaker–accumulator ac-
count of temporal perception, the switch mechanism, which
regulates the transmission of pulses to the temporal accumu-
lator, would open earlier after the offset of an interval marked
by stimuli presented at the same location, and thus shorten the
perceived duration of the demarcated interval relative to a
situation in which the marker stimuli are presented from more
distant spatial locations (see also Grondin, 1998, for a related
suggestion based on the need to reallocate spatial attention,
and consequently longer perceptual latency of the second
marker, when presented at a distance from the first marker).
Interestingly, smaller SD of reproductions (Exp. 1) and small-
er JND for interval comparison (Exp. 2), especially at shorter
interval durations, were observed for same-source trials than
for different-source trials. Thus, higher sensitivity was ob-
served for intervals marked by stimuli presented at the same
rather than different spatial locations. Even though this inter-
pretation must remain speculative, this result fits well with the
idea that spatial priming or attentional availability might facil-
itate processing of the second interval marker, when presented
at close vicinity of the first marker stimulus.

Other accounts of the kappa effect proceed from the notion
that the spatial layout of the marker signals results in the as-
sumption of imputed motion of a single object moving
through space over time. Importantly, participants tend to at-
tribute a constant velocity to this motion. Consequently, the
temporal perception of objects Btraveling^ larger distances is
readjusted to span longer durations than the perception of
objects Btraveling^ smaller distances (Collyer, 1977; Jones
& Huang, 1982). Although this explanation fits well with
the results of Experiment 2, it seems somewhat less plausible
that motion was imputed in Experiment 1, in which only two
marker stimuli were presented per trial. But even though the
present experiments were not designed to distinguish between
the spatial priming or the imputed motion account, both ex-
planations would be consistent with the general assumption
outlined above: that the bimodal marked stimuli are combined
into a single representation with a common spatial layout al-
ready at an early stage of processing. A promising approach to
formalize such a mechanism might alternatively also be based
on the work of Goldreich (2007), who suggested a Bayesian
framework that accounts for spatiotemporal illusions in the
tactile modality on basis of prior speed expectations (for
applications to the visual kappa effect, see also Chen,

Zhang, & Kording, 2016; Ogata, Kuroda, Miyazaki,
Grondin, & Tobimatsu, 2016).

On the other hand, it should be noted that some researchers
have suggested that the interdependence of time and space
might arise at a relatively late level of processing—that is, at
a representational stage (Cai & Connell, 2015). Specifically, it
was suggested that temporal and spatial information share a
common encoding format. Therefore, initially an unbiased
representation of temporal information is built and then stored
for later retrieval in a memory stage. In this stage, however,
the temporal representation is subject to interference—for ex-
ample, from spatial information, which is supposed to share
the same (presumably magnitude-based) representational for-
mat (Fabbri, Cancellieri, & Natale, 2012; Walsh, 2003). As a
prerequisite for such an interference to occur, however, the
spatial information must be encoded with a relatively high
acuity. Specifically, the participants in Cai and Connell’s study
had to reproduce—varying on a trial-by-trial basis—either the
duration of a sound or the length of a stick, which were pre-
sented simultaneously. Duration reproductions were not af-
fected by stick length, when the stick could be perceived ex-
clusively via the tactile modality. However, when the stick
could be touched and seen at the same time, the—presumably
more reliable—visuotactile length percept affected
reproduced duration of the unrelated sound. In this sense,
the observed effect resembles the effects of multisensory inte-
gration, in which the reliability of the perceptual input from
different modalities determines the strength of their relative
contributions to the integrated multisensory percept (Alais &
Burr, 2004; Ernst & Banks, 2002; Hartcher-O’Brien et al.,
2014). Nonetheless, typical prerequisites for multisensory in-
tegration to occur, such as the unity assumption (Welch &
Warren, 1980), were most likely violated under these experi-
mental conditions. For example, the stick was placed on the
table by the experimenter at the beginning of each trial and
thus its occurrence was not contingent on the temporal occur-
rence of the sound. Accordingly, it is conceivable the mecha-
nisms underlying the effects observed by Cai and Connell
differ from the ones underlying typical multisensory integra-
tion effects such as spatial or temporal ventriloquism.

Also, unlike in Cai and Connell’s (2015) study, in the pres-
ent experiments participants were never asked to judge or
reproduce the stimulation from the irrelevant visual modality.
Therefore, it seems rather unlikely that a dedicated represen-
tation of the spatial distance between the visual markers would
have interfered with the audiotemporal percept only at a late
memory stage, in which the separate spatial and temporal
representations are stored for later retrieval. Consequently,
and because of the variety of studies attributing multisensory
integration effects to a rather early, perceptual stage of pro-
cessing (see above), we currently favor an interpretation of the
present findings as due to automatic, perceptual integration of
the marker stimuli. Yet, the present experiments were not
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designed to distinguish between possible loci of the effects of
bimodal stimulation on perceived interval duration, and thus,
this interpretation remains somewhat speculative.

Despite this open issue, our primary research question can
be answered quite clearly: reliable kappa effects on perceived
auditory duration were observed under conditions of audiovi-
sual stimulation and most importantly, when the spatial sepa-
ration of the marker stimuli was only present in the task-
irrelevant visual modality. Therefore, even though auditory
information typically dominates strongly over visual informa-
tion when participants perform temporal judgments, visuospa-
tial information can affect auditory temporal processing and
thereby cause marked distortions of perceived auditory dura-
tion. Consequently, the relative contributions of auditory and
visual information to perceived duration seem not only to be
determined by the reliability of the unisensory signals in the
relevant temporal task domain, but also by their reliability in
task-irrelevant domains such as space.

Author note This study was supported by the German
Research Foundation (Grant No. BA 4110/3-2).
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