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Abstract Change deafness, the inability to notice changes to
auditory scenes, has the potential to provide insights about
sound perception in busy situations typical of everyday life.
We determined the extent to which change deafness to sounds
is due to the capacity of processing multiple sounds and the
loss of memory for sounds over time. We also determined
whether these processing limitations work differently for
varying types of sounds within a scene. Auditory scenes com-
posed of naturalistic sounds, spectrally dynamic unrecogniz-
able sounds, tones, and noise rhythms were presented in a
change-detection task. On each trial, two scenes were present-
ed that were same or different. We manipulated the number of
sounds within each scene to measure memory capacity and the
silent interval between scenes to measure memory loss. For all
sounds, change detection was worse as scene size increased,
demonstrating the importance of capacity limits. Change de-
tection to the natural sounds did not deteriorate much as the
interval between scenes increased up to 2,000 ms, but it did
deteriorate substantially with longer intervals. For artificial
sounds, in contrast, change-detection performance suffered
even for very short intervals. The results suggest that change
detection is generally limited by capacity, regardless of sound
type, but that auditory memory is more enduring for sounds
with naturalistic acoustic structures.
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A surprising type of perceptual error that occurs during audi-
tory tasks is the inability to detect large changes to objects in
scenes. This phenomenon, known as change deafness
(Eramudugolla, Irvine, McAnally, Martin, & Mattingley,
2005), is intriguing on a theoretical level because such large
perceptual errors suggest fundamental limitations to our per-
ceptual and mnemonic representations of the environment.
Several lines of research on this topic have shown that change
deafness (and its visual analog, change blindness) is partially
dependent on attentional limitations (Rensink, O’Regan, &
Clark, 1997) and on a limited capacity short-term/working
memory (Luck & Vogel, 1997). However, it remains unclear
whether loss of information over time, due to decay (Peterson
& Peterson, 1959), interference (Keppel & Underwood,
1962), or sudden death (Zhang & Luck, 2009) is also a major
contributing factor to change deafness, or for that matter, to
change blindness.

Multiple studies have provided evidence that change deaf-
ness is at least partly caused by a limitation in processing
capacity, including limitations in attending to, encoding, or
maintaining multiple sounds in auditory memory. For exam-
ple, change deafness increases as the number of sounds within
a scene is increased (Eramudugolla et al., 2005; McAnally
et al., 2010). In addition, experimental manipulations that al-
leviate general processing constraints on change detection
have been shown to reduce change deafness. Attentional lim-
itations can be reduced by focusing attention via a valid cue
indicating the name of the object that will change
(Eramudugolla et al., 2005) or by presenting a cue indicating
a particular spatial location where the change will occur
(Backer & Alain, 2012). Capacity limitations are apparent in
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other auditory perception tasks as well, such as in auditory
working memory tests (Li, Cowan, & Saults, 2013) and infor-
mational masking paradigms in which listeners are unable to
identify a target tone in the presence of a masker that is distinct
in frequency from the target (Durlach et al., 2003a, b).
Collectively, these results suggest that capacity might limit
perception of complex auditory scenes in general.

The extent to which other processing limitations contribute
to change deafness is not well understood. For example, an
additional cause of change deafness could be information loss
over time. If the memory of the scene decays or is interfered
with during the course of a trial, then change detection would
fail. Information loss has not been systematically studied in
change blindness, and there are only two research groups, to
our knowledge, that have systematically investigated the issue
of memory loss over time in change deafness. These research
efforts have produced conflicting results. A series of
experiments by Demany, Trost, Serman, and Semal (2008)
provided evidence for information loss over time using simple
stimuli. In one such experiment, listeners were presented with
successive pairs of nonrecognizable chords composed of sev-
eral simultaneous pure tones, one of which could change on a
given trial. The successive chords were separated by varying
delays (ranging from 0 to 2000 ms) and composed of a vary-
ing number of pure tones (e.g., 4, 7, or 12). Demany et al.
(2008) found that change-detection performance declined as
the number of pure tones within each chord increased and as
the delay between chords increased, indicating important roles
for processing capacity and information loss over time,
respectively.

In contrast, a study using complex, naturalistic sounds
demonstrated no apparent information loss over time
(Pavani & Turatto, 2008). In this study, listeners were asked
to detect changes to scenes of three or four animal sounds. The
scenes were separated by 500 ms of silence, 500 ms of noise,
or no delay interval, the latter to evaluate the potential role of
auditory transients in change deafness rather than information
loss. Change-deafness rates were higher for scene sizes of four
sounds than for three sounds, but change deafness was just as
prevalent with no delay interval between scenes as it was with
a 500 ms silent or noise interval. This finding suggests that
change deafness with natural sounds, which are more typically
used in change-deafness studies (see reviews by Dickerson &
Gaston, 2014; Snyder & Gregg, 2011; Snyder, Gregg,
Weintraub, & Alain, 2012), does not result from information
loss over time.

These previous studies illustrate that there is not yet a clear
answer as to whether change deafness is partly caused by
information loss over time. One potential reason for the dis-
crepancy across studies is that different types of stimuli were
used. There is evidence outside the change-deafness literature
suggesting that stimulus type may modulate the encoding and
the maintenance of auditory memories. Enhanced recognition

memory has been shown to occur across a long interval with
speech sounds relative to naturalistic sounds (Cohen,
Horowitz, & Wolfe, 2009) and vocal melodies relative to pi-
ano melodies (Weiss, Vanzella, Schellenberg, & Trebub,
2015), which suggests specialized memory for particular types
of familiar sounds. Electrophysiological data have also been
reported showing that different categories of complex sounds
are processed by distinct neural networks as early as 70 ms
after stimulus onset (Murray, Camen, Gonzalez Andino,
Bovet, & Clarke, 2006). Together, these findings suggest that
the auditory system has distinct mechanisms for processing
certain classes of spectro-temporally complex sounds, which
could lead to perceptual and memory advantages over more
artificial sounds (for a similar finding in vision, cf. Brady,
Stormer, & Alvarez, 2016).

In addition, the simple chord stimuli used in Demany et al.
(2008) may not be appropriate for measuring general mecha-
nisms of object memory loss over time in a change-detection
task. Such stimuli may allow for a specialized frequency-
change detection mechanism that is sensitive to very small
frequency changes (Demany et al., 2008). Thus, it is important
to evaluate this issue using a variety of sound types, including
simple, artificial sounds (such as pure tones and noise
rhythms) and more naturalistic, complex sounds (sounds com-
posed of multiple time-varying components) within the same
paradigm. Comparisons across studies are also difficult, given
the different range of delay intervals used: Pavani and Turatto
(2008) only compared delay intervals of 0 ms and 500 ms,
while Demany et al. (2008) tested a wider range of delay
intervals (0-2,000 ms). Thus, it is important to carefully eval-
uate this issue using multiple sound types and a comparable
range of delay intervals.

In the present study, we address the contribution of capacity
limitations and information loss on change deafness by using
varying delay intervals and varying scene sizes with four
sound types. Two types of artificial sounds were used to en-
sure that any pattern obtained with one type of artificial sound
(e.g., noise rhythms) is generalizable to other artificial sounds
(i.e., pure tone rhythms). Two types of naturalistic sounds
were used: a set of recognizable environmental sounds and a
set of unrecognizable sounds. The unrecognizable sounds
were scrambled versions of the recognizable sounds and were
used to test for the potential of listeners relying on a verbal (or
semantic) memory strategy. Though it is possible to affix ver-
bal labels to nonverbal stimuli (see Braida, Lim, Berliner, &
Durlach, 1984), our manipulation made it quite difficult to do
so. If information loss over time is a major contributing factor
to change deafness, then more change deafness should occur
to all sound types as the delay interval between scenes is
increased. If, on the other hand, auditory memory has extend-
ed storage time, then change deafness may not be affected by
the delay interval between scenes. Furthermore, if memory
representations of naturalistic, familiar sounds are more robust

@ Springer



2566

Atten Percept Psychophys (2017) 79:2564-2575

than representations for artificial, less familiar sounds, more
change deafness would be expected to occur for artificial
sounds compared to more natural sounds for larger delay
intervals.

Experiment 1
Method

Participants Forty-eight listeners with normal hearing partic-
ipated in this experiment (24 females and 24 males; mean age
= 19.4 years, range: 18-25 years). In this and in the following
experiments, listeners were University of Nevada, Las Vegas
(UNLV) undergraduates who received course credit for their
participation. Sample size was chosen to be similar to or larger
than what was used in other studies investigating scene size
and scene delay (ISI) in an auditory change-detection para-
digm (e.g., Demany et al., 2008). All participants provided
informed consent according to a protocol approved by the
UNLYV Office for Research Integrity.

Stimuli The naturalistic sounds consisted of recognizable and
unrecognizable environmental sounds. The recognizable
sounds consisted of 15 common environmental sounds (e.g.,
a drill, drumming, a dog barking; see the Appendix for a
complete list). The sounds were rated as highly recognizable
in a previous study (Gregg, Irsik, & Snyder, 2014). The dura-
tion of each sound was 1,000 ms. All sounds were digitized to
a sampling rate of 44.1 kHz, matched for RMS amplitude,
filtered for noise, and a linear off-ramp to zero amplitude
was imposed over the final 10 ms to avoid abrupt offsets.
We chose not to impose on-ramps to better control the syn-
chrony of sounds within a scene. All sounds were carefully
examined to ensure there were no abrupt onsets. All stimuli
were presented at a comfortable listening level (approximately
70 dB) in a sound attenuated chamber.

The stimuli were digitally combined to create unique
scenes consisting of two, four, or six objects. Some acoustic
properties of the scenes were equated by keeping the average
acoustic spread among objects in the scenes similar. The av-
erage acoustic spread was created by calculating the Euclidean
distance between pairs of stimuli based on two acoustic prop-
erties: fundamental frequency and harmonicity. We calculated
the average acoustic spread for objects in both Scene 1 and
Scene 2 by calculating the Euclidean distance between each
pair of stimuli within each scene (all combinations of four
objects resulted in six pairs) and then calculating the average
acoustic distance between all pairs. The result was an average
acoustic spread within Scenes 1 and 2. To obtain the acoustic
measurements, each stimulus was submitted to Praat
(Boersma & Weenink, 1992) for analysis of harmonicity
(i.e., mean amount of acoustic periodicity in the signal
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measured as the ratio between the power of harmonics of the
fundamental frequency to the power of nonharmonic compo-
nents) and fundamental frequency (Gregg & Samuel, 2008).
These two properties are particularly important for sound seg-
regation: frequency is important given the tonotopic organiza-
tion of the auditory system and is well-established as a strong
cue to auditory scene analysis (e.g., Bregman, 1990);
harmonicity is also a strong cue to auditory scene analysis
(Yost & Sheft, 1993) and sounds have been found to be auto-
matically and preattentively assigned to categories of periodic/
aperiodic (Kat & Samuel, 1984). See also Gygi, Kidd, and
Watson (2007) for the importance of these two dimensions.

A set of 15 unrecognizable sounds was created from the set
of recognizable sounds. We achieved this by submitting each
sound to a custom program created in MATLAB. The pro-
gram split each sound into fifty 20-ms chunks, randomized
the order of the chunks, and then connected the randomized
chunks together into a new 1-s sound. The sounds were rated
as reliably unrecognizable, as reported in a previous study
(Gregg et al., 2014). As with the recognizable sounds, the
unrecognizable stimuli were combined to create unique scenes
with two, four, or six sounds that were equated in acoustic
spread using the fundamental Frequency x Harmonicity space
(fundamental frequency and harmonicity were remeasured
from the scrambled sounds and those measurements were
used to create a two-dimensional Euclidean space).

The artificial sounds consisted of simple pure tone rhythms
and more spectrally complex noise burst rhythms. A set of 15
band-pass filtered white noise rhythms were created in Praat
(Boersma & Weenink, 1992). Different rhythms were created
by combining a series of noise bursts that were short (1/48 s),
medium (1/24 s), or long (1/12 s) in duration. The noise bursts
within a rhythm were interrupted by intervals of silence that
were short (1/48 s), medium (1/24 s), or long (1/12 s) in du-
ration. These parameters were adopted from a change-
deafness study using similar stimuli (Puschmann et al.,
2013). The noise bands were centered at frequencies of 200,
400, 800, 1600, 3200 Hz, or 6400 Hz, with bandwidths set to
25% of the center frequency. Each 1,000-ms noise rhythm was
used to create scenes, each with a unique noise duration, silent
interval duration, and frequency. The rhythms were combined
to create unique scenes consisting of two, four, or six sounds.
Within each scene, the noise rthythms were matched for loud-
ness using loudness level contours (Fletcher & Munson,
1933). As with the natural sounds, the acoustic spread of the
scenes was equated.

A set of 15 pure-tone rhythms were created in Praat
(Boersma & Weenink, 1992) using the same durations, inter-
vals, and frequencies as the noise rhythms, the only difference
being that the noises were replaced by pure (i.e., sinusoidal)
tones. The tone rhythms were combined to create unique
scenes that were equated for difficulty and corrected for loud-
ness as described above for the noise rhythms.
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Fig.1 Trial schematic of the change-detection task. a An example of a same trial, composed of recognizable sounds with a scene size of 2 and an ISI of
350 ms. b An example of a different trial composed of pure tones, with a scene size of 4 and ISI of 0 ms. (Color figure online)

Procedure Twelve different listeners completed the change-
detection task for each sound type: recognizable sounds, un-
recognizable sounds, artificial noise rhythms, and artificial
pure tone rhythms (the number of participants in each condi-
tion was selected to be comparable to previous investigations
of memory loss in change deafness (see Demany et al., 2008;
Pavani & Turatto, 2008). Figure 1 depicts example trials of the
task. Listeners were presented on each trial with Scene 1, a
multiple-object scene in which the sounds were presented si-
multaneously for 1,000 ms binaurally through Sennheiser HD
280 Pro headphones. Scene 1 was followed by Scene 2, a
1,000-ms scene consisting of either the same sounds as
Scene 1 (same trial) or all but one of the same sounds as
Scene 1 and one new sound (different trial). Three different
levels of Scene Size (two, four, or six objects) were orthogo-
nally combined with four different levels of interscene interval
(ISI: 0; 350; 750; and 2,000 ms). Each of the12 combinations
was presented in a separate block, resulting in 12 total blocks
and 384 trials total. There were 32 trials within each block, 16
same trials and 16 different trials. Each Scene 1 was unique in
terms of the combination of sounds from the set of 15 that
were used. Listeners were instructed to indicate by button
press whether Scene 1 and Scene 2 were the “same” or
“different.” There was a 5,000-ms intertrial interval (ITI, the
time from the offset of Scene 2 to the onset of Scene 1 of the
next trial). Listeners performed 12 practice trials (one of each
combination of scene size and ISI) before beginning the
experiment.

Data analysis In all experiments, responses were used to cal-
culate the proportion of hits (responding “Different” on
different trials) and false alarms (responding “Different” on
same trials). The differencing strategy was used to obtain d’
scores (see Appendix AS.4 in Macmillan & Creelman, 2005).
Prior to obtaining d', any conditions having proportions of
either a 0 or 1 for false alarms or hits were corrected by re-
placing 0 and 1 values with 1/(2N) and 1 — 1/(2N), respective-
ly, where N equals the total number of trials on which a pro-
portion was based (Macmillan & Kaplan, 1985). Hit and false-
alarm rates are reported in Table 1. The d’ scores were sub-
mitted to a three-way ANOVA, with sound type (recogniz-
able, unrecognizable, noise, or tones) as a between-subjects
factor and scene size (two, four, or six sounds) and ISI (0; 350;
750; or 2,000 ms) as within-subject factors. Pair-wise compar-
isons on main effects used the least-significant difference ad-
justment. Planned linear contrasts were used to follow up sig-
nificant interactions.

Results and discussion

Change-detection performance differed by sound type,
F@3, 44) = 3.77, p = .017, np2 = .20. Change detection
was significantly worse for the naturalistic sounds:
planned comparisons indicated significantly more
change detection errors (i.e., change deafness) in re-
sponse to unrecognizable and recognizable sounds than
to the noises or tones (ps < .05).
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Table 1  Hit and false-alarm rates from Experiment 1
Recognizable  Unrecognizable Noise Tones
0 ms ISI
2 sounds
Hits 0.90 0.89 0.97 0.95
False alarms  0.08 0.17 0.07 0.03
4 sounds
Hits 0.80 0.71 0.95 0.88
False alarms ~ 0.05 0.12 0.12 0.07
6 sounds
Hits 0.55 0.53 0.82 0.81
False alarms  0.06 0.17 0.09 0.08
350 ms ISI
2 sounds
Hits 0.89 0.86 0.96 0.93
False alarms ~ 0.05 0.05 0.05 0.04
4 sounds
Hits 0.77 0.66 0.86 0.74
False alarms  0.04 0.05 0.06 0.04
6 sounds
Hits 0.62 0.45 0.65 0.71
False alarms  0.08 0.04 0.07 0.04
750 ms ISI
2 sounds
Hits 091 0.87 0.95 091
False alarms ~ 0.07 0.06 0.07 0.07
4 sounds
Hits 0.76 0.64 0.85 0.74
False alarms  0.09 0.07 0.11 0.07
6 sounds
Hits 0.55 0.47 0.64 0.64
False alarms  0.07 0.05 0.13 0.08
2,000 ms ISI
2 sounds
Hits 0.89 0.89 0.96 0.92
False alarms ~ 0.09 0.05 0.06 0.06
4 sounds
Hits 0.74 0.63 0.84 0.70
False alarms ~ 0.05 0.09 0.1 0.06
6 sounds
Hits 0.56 0.54 0.6 0.63
False alarms  0.07 0.06 0.1 0.08

Change detection across all sound types was affected by
the number of sound objects, which indicates that capacity
limitations have a general effect on change detection. As can
be seen in Fig. 2, change-detection performance decreased as
the number of sound objects increased, F(2, 88) = 226.26, p <
.001, np2 = .84. Planned comparisons indicated that change
detection was worse when the scene size was six sounds
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(mean d'=3.43, SD = 0.95) than when the scene size was four
sounds (mean d' = 4.24, SD = 1.07, p < .05), and two sounds
(mean d'=5.57, SD = 1.14, p < .05).

Change detection was also affected by the delay between
scenes: there was a significant effect of ISI, F(3, 132) = 16.89,
p<.001, np2 =.28. This finding suggests that information loss
over time contributes to change detection errors; however, an
interaction between ISI and sound type, F(9, 132) =4.89, p <
.001, np2 = .25, revealed that information loss only affected
change detection to certain sound types. Planned linear con-
trasts indicated that the ISI significantly influenced change
detection only to the artificial sounds (i.c., tones and noise
rhythms). Change-

detection performance to the scenes composed of tones and
noise rhythms was worse at the 750-ms and 2,000-ms ISIs
than at the 0-ms and 350-ms ISIs (ps < .05). For the recogniz-
able and unrecognizable sounds, there were no significant
differences in change-detection performance across the four
ISIs. The three-way interaction among ISI, sound type, and
scene size was not significant, F(18,264)=1.03, p = 431, np2
= .06. Thus, although capacity limitations seem to have a
general effect on change detection, the role of information loss
in change detection seems to be specific to artificial sounds,
and more complex environmental sounds appear to be rela-
tively resistant to information loss over time. This latter find-
ing is admittedly restricted to a time course spanning 2,000
ms. Experiment 2 was conducted to examine potential infor-
mation loss over a longer time period.

Experiment 2

Experiment 1 demonstrated that change deafness to complex,
naturalistic sounds is not due to information loss over time,
with delays ranging from 0 ms to 2,000 ms. Experiment 2 was
conducted to examine whether change-detection performance
for such sounds remains unaffected by longer delays between
scenes. In this experiment, we determine whether information
is lost during a change-detection task when the delay is as long
as 6,000 ms.

Method

Participants Fifty-two listeners with normal hearing partici-
pated in this experiment (28 females and 24 males; mean age
= 20.32 years, range: 18-35 years). Data from four partici-
pants were not included in analyses due to prior health history
(n =1, brain tumor), technical malfunction (n = 2), or because
they pushed buttons randomly (n = 1). A total of 48 partici-
pants (12 in each condition) were included in statistical
analyses.

Stimuli Stimuli were identical to Experiment 1.
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Fig. 2 Change-detection performance to all sound types in Experiment 1 (measured by d'). Error bars represent the standard error of the mean

Procedure The procedure was identical to Experiment 1, ex-
cept different ISIs were used (0; 100; 750; 6,000 instead of 0;
350; 750; 2,000 ms).

Results and discussion

Hit and false-alarm rates from Experiment 2 are reported in
Table 2. As in Experiment 1, change-detection performance
was worse for the naturalistic sounds. This was indicated by
an effect of sound type, F(3, 44) = 14.36, p < .001, npz =.50,
as well as planned comparisons indicating more change-
detection errors in response to unrecognizable and recogniz-
able sounds than to the noises and tones (ps < .05).

Also consistent with Experiment 1, change detection across
all sound types was affected by the number of sound objects,
indicating again that capacity limitations have a general effect
on change detection (see Fig. 3). This finding was indicated by
an effect of scene size, F(2, 88) =414.46, p < .001, np2 =.90.
Planned comparisons indicated that change-detection perfor-
mance was lower when the scene size was six sounds (mean d’
= 3.09, SD = 0.71) than when scene size was four sounds
(mean d'=3.93, SD = 0.78, p < .05), and two sounds (mean
d'=491, SD =0.62, ps < .05).

Change detection was also affected by the delay between
scenes, as indicated by a significant effect of ISI. Mauchly’s
test indicated that the assumption of sphericity had been vio-
lated, therefore p values were corrected using Greenhouse—
Geisser estimates of sphericity: F(3, 132) = 144.36, p <
001, n,> = .77. There was also an interaction between ISI
and sound type, F(9, 132) = 3.94, p < .001, np2 =.2l,and a
three-way interaction between ISI, sound type, and scene size,

F(18,264)=2.12, p=.006, npz =.13. Planned linear contrasts
on the three-way interaction indicated that the interaction was
driven by the marked drop in change-detection performance at
the 6,000-ms ISI, especially at larger scene sizes (see Fig. 3).
For all sound types and all scene sizes, performance was sig-
nificantly worse during the 6,000-ms delay than during the
shorter delays (0, 100, and 750 ms). This finding suggests that
the effect of ISI is more general across sound types when
longer delay intervals are examined. However, one potential
problem in Experiment 2, that was not observed in
Experiment 1, was a high false-alarm rate for trials with a
6,000-ms ISI (mean = 23.9%, compared to a false alarm rate
of 11% for the longest ISI in Experiment 1). This could have
occurred because the intertrial interval for long ISI trials was
actually shorter than the delay interval between scenes (ITI
was held constant at 5,000 ms). This may have caused
Scene 2 to become paired in memory with Scene 1 of a new
subsequent trial as a result of closer temporal proximity (cf.
Cowan, Saults, & Nugent, 1997), which would in turn cause
interference during discrimination judgments. Therefore,
Experiment 3 was conducted to address this concern.

Experiment 3

Experiment 3 was conducted to further explore the general
effect of the delay between scenes found in Experiment 2.
Specifically, this experiment allowed us to determine whether
the decrease in change-detection performance at longer delays
for all sound types was a result of information loss rather than
an artifact of across-trial interference. In Experiment 3, we
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Table 2  Hit and false-alarm rates from Experiment 2

Recognizable  Unrecognizable Noise Tones
0 ms ISI
2 sounds
Hits 0.96 0.86 0.96 0.93
False alarms  0.05 0.07 0.04 0.07
4 sounds
Hits 0.87 0.69 0.93 0.90
False alarms  0.04 0.07 0.05 0.07
6 sounds
Hits 0.73 0.50 0.82 0.77
False alarms ~ 0.05 0.08 0.05 0.08
350 ms ISI
2 sounds
Hits 0.96 0.89 0.95 0.93
False alarms  0.04 0.06 0.04 0.04
4 sounds
Hits 0.85 0.64 0.84 0.85
False alarms  0.04 0.05 0.04 0.06
6 sounds
Hits 0.69 0.41 0.74 0.73
False alarms  0.06 0.08 0.04 0.04
750 ms ISI
2 sounds
Hits 0.94 0.85 0.96 0.94
False alarms  0.05 0.08 0.04 0.05
4 sounds
Hits 0.86 0.63 0.79 0.69
False alarms ~ 0.04 0.06 0.04 0.03
6 sounds
Hits 0.67 0.41 0.65 0.64
False alarms ~ 0.06 0.07 0.04 0.03
2,000 ms ISI
2 sounds
Hits 0.95 0.82 0.94 0.86
False alarms ~ 0.10 0.17 0.17 0.17
4 sounds
Hits 0.80 0.61 0.76 0.68
False alarms  0.10 0.21 0.26 0.17
6 sounds
Hits 0.60 0.56 0.56 0.62
False alarms  0.21 0.21 0.27 0.20

modified the paradigm used in Experiment 2 to better control
the ISLITI ratios.

Method

Participants Fifty-two listeners with normal hearing partici-
pated in this experiment (39 females and 13 males; mean age
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= 20.76 years, range: 18-35 years). Data from four partici-
pants were not included in analyses due to prior health history
(n = 3, multiple sclerosis, head injury, and seizures), or be-
cause they pushed buttons randomly (n = 1). A total of 48
participants (12 per sound type) were included in statistical
analyses.

Stimuli Stimuli were identical to Experiment 1.

Procedure The procedure was nearly identical to Experiment
1. In this experiment, different ISIs were used: 0 ms; 100 ms;
1,500 ms; 6,000 ms. Intertrial intervals (ITI) were also
changed in order to retain temporal distinctiveness of Scene
2 to Scene 1 of a following trial, and to have constant ISL:ITI
ratios for at least two ISI conditions. The ITI was set to
2,000 ms for ISI conditions with shorter delays (0; 100;
1,500 ms), and 8,000 ms for the longest ISI condition (6,000
ms), allowing the 1,500-ms and 6,000-ms conditions to have
an equivalent ISI:ITT ratio (3:4). It was not possible to have the
same ratios for the two shortest ISIs because the resulting ITIs
would not be long enough for participants to respond.

Results and discussion

Hit and false-alarm rates are reported in Table 3. Consistent
with Experiments 1 and 2, change-detection performance was
worse for the naturalistic sounds: There was a significant ef-
fect of sound type, F(3, 44) = 3.69, p = .019, np2 = .20.
Planned comparisons indicated lower change-detection per-
formance in response to unrecognizable and recognizable
sounds than to the noises and tones (ps < .05).

Change detection across all sound types was affected by
the number of sound objects, indicating again that capacity
limitations have a general effect on change detection. As can
be seen in Fig. 4, change-detection performance decreased as
the number of sound objects increased, F(2, 88) =248.45, p <
.001, npz = .85. Planned comparisons indicated that change-
detection performance was lower when the scene size was six
sounds (mean d’' =2.93, SD = 0.8) than when the scene size
was four sounds (mean d'=3.75, SD =0.79, p < .05), and two
sounds (mean d'=4.70, SD = 0.73, p < .001).

As in Experiment 1, change detection was affected by the
delay between scenes composed of artificial sounds and less
so0 to natural, complex sounds: this was indicated by a signif-
icant effect of ISI, F(3, 132) = 80.71, p < .001, npz = .65, an
interaction between ISI and sound type, F(9, 132) =494, p <
.001, np2 = .25, and a three-way interaction between ISI,
sound type, and scene size, F(18, 264) = 1.73, p = .034, np2
=.11. Planned comparisons to explain the three-way interac-
tion indicated that change-detection performance during the
recognizable and unrecognizable scenes was relatively similar
across the three shorter ISIs (0; 100; and 1,500 ms), but
dropped significantly at the 6,000-ms ISI (ps < .05).
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Change-detection performance during the scenes composed of
noise and tone rhythms dropped more linearly as ISI in-
creased, (d' at 0 and 100 ms was higher than at 1,500 and
6,000 ms, p < .05, and d’ at 1,500 ms was higher than at
6,000 ms, p < .05).

General discussion

n this study, we examined the contribution of capacity limita-
tions and information loss over time to change deafness during
scenes composed of four different sound types: recognizable
environmental sounds, unrecognizable environmental sounds,
tone rhythms, and noise rhythms. The results of the present
study consistently revealed that a capacity limitation contrib-
utes to change deafness for all sound types. This finding is
consistent with a large body of perceptual research demon-
strating that attention, perception, and memory are all limited
by the number of objects that can be simultaneously proc-
essed. For example, our ability to consciously detect auditory
targets in complex backgrounds is limited by the number of
competing sounds, a phenomenon referred to as informational
masking (Dickerson & Gaston, 2014; Durlach et al., 2003a, b;
Lutfi, Chang, Stamas, & Gilbertson, 2012). Though the
existence of a fixed limit in working memory has been chal-
lenged (see Brady et al., 2016; van den Berg, Awh, & Ma,
2014), the results of the present study indicate a novel differ-
ence between auditory and visual working memory that
should be noted. Recent evidence in the visual domain sug-
gests that visual working memory has a larger capacity for
naturalistic objects compared to artificial objects (Brady

et al., 2016). Our results suggest that the capacity of auditory
memory is similar for naturalistic and artificial sounds (though
the duration that these stimuli can be maintained in auditory
memory does differ, as we discuss below). One important
endeavor for future research is to further explore this potential
difference in the way that auditory memory and visual mem-
ory store information, the role of stimulus complexity in stor-
age, and the stages of processing in which the capacity limi-
tation in change deafness (and change blindness) arises.

The results of the present study suggest that change deafness
occurs not only because of limitations in auditory memory pro-
cessing capacity but also because of loss of information in mem-
ory, especially for artificial sounds. Change detection of the rec-
ognizable and unrecognizable environmental sounds did not vary
much as a function of the delay interval between scenes if the
interval was 2,000 ms or less. Only when the interval between
scenes was extended to 6,000 ms did change-detection
performance to the environmental sounds decline substantially
(in Experiments 2 and 3). Change detection of the artificial
sounds (i.e., tones and noise bursts) was more affected by the
increasing interval between scenes, and this was despite the fact
that overall change-detection performance was better for artificial
sounds. The differences in detection of changes to artificial and
environmental sounds suggest that change detection for
environmental, spectrally complex sounds has access to memory
mechanisms that are more persistent than those for artificial
sounds. This finding is somewhat at odds with other discrimina-
tion or segregation studies that show a more gradual decline in
auditory short-term or implicit memory over long intervals for
artificial sounds; however, performance during these studies
may have been aided by the use of even simpler sounds
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Table 3  Hit and false-alarm rates from Experiment 3

Recognizable  Unrecognizable Noise Tones
0 ms ISI
2 sounds
Hits 0.87 0.90 0.95 0.95
False alarms  0.05 0.06 0.11 0.05
4 sounds
Hits 0.73 0.71 0.92 0.86
False alarms  0.08 0.07 0.08 0.06
6 sounds
Hits 0.52 0.43 0.77 0.78
False alarms  0.07 0.06 0.10 0.04
350 ms ISI
2 sounds
Hits 0.89 0.92 0.94 0.93
False alarms  0.06 0.03 0.05 0.04
4 sounds
Hits 0.76 0.69 0.86 0.83
False alarms  0.04 0.04 0.08 0.03
6 sounds
Hits 0.60 0.43 0.61 0.77
False alarms  0.06 0.04 0.04 0.06
750 ms ISI
2 sounds
Hits 0.90 0.87 0.92 0.89
False alarms  0.07 0.03 0.07 0.04
4 sounds
Hits 0.71 0.61 0.80 0.66
False alarms  0.06 0.04 0.06 0.05
6 sounds
Hits 0.54 0.37 0.50 0.60
False alarms  0.07 0.04 0.07 0.04
2000 ms ISI
2 sounds
Hits 0.90 0.86 0.94 0.88
False alarms ~ 0.10 0.20 0.19 0.24
4 sounds
Hits 0.68 0.67 0.78 0.74
False alarms  0.13 0.16 0.32 0.19
6 sounds
Hits 0.63 0.52 0.64 0.74
False alarms  0.17 0.18 0.36 0.29

perceived as one (McKeown & Mercer, 2012; Mercer &
McKeown, 2014) or two objects (Snyder & Weintraub, 2013).
Given that the memory load would be minimal for comparing
so few objects, it may have been easier to maintain stimulus
details in memory for longer periods of time. This is consistent
with our findings, as listeners had significant difficulty
comparing larger scene sizes when the delay interval

@ Springer

was long. One important endeavor for future research will
be to determine why there are differences in the way auditory
memory retains environmental and artificial sounds. For ex-
ample, environmental sounds may recruit larger neural popu-
lations than artificial sounds, which could contribute to the
differences in representational strength. A related possibility
is how the varying degrees of spectral overlap in environmen-
tal and artificial sounds contribute to change deafness.

The more surprising finding of this study was that change
deafness to environmental sounds was not affected much by
the delay interval between scenes when the interval was as
long as 2,000 ms. We suggest that although auditory short-
term memory capacity is limited, memory for naturalistic
sounds is remarkably enduring, and information loss over time
(e.g., due to decay, interference, or sudden death) does not
cause change deafness to natural sounds up to 2,000 ms.
Given the present results, efforts to improve auditory change
detection in natural settings should boost processing capacity
more so than the ability to retain information over short
amounts of time. It is worth noting that the duration of each
scene in this study was held constant at 1,000 ms. There are
studies suggesting different types of memory-encoding strat-
egies in response to short stimuli at short ISIs than to long
stimuli at long ISIs (McDermott, Schemitsch, & Simoncelli,
2013) as well as evidence that scene length can affect change
deafness (Eramudugolla, McAnally, Martin, Irvine, &
Mattingley, 2008; McAnally et al., 2010). It will be important
for future research to determine how information loss is af-
fected in a change-detection task when both scene duration
and ISI are manipulated. Future studies should also determine
if information loss over time affects change blindness; to our
knowledge, the delay between scenes has not been systemat-
ically manipulated in a change-blindness paradigm.

Information loss to all sound types was apparent when the
delay interval between scenes was extended to 6,000 ms; this
loss was particularly large at larger scene sizes. The constant
ITI ratio in Experiment 3 suggests that the drop in successful
change-detection performance from 2,000 to 6,000 ms was a
result of true information loss, through decay or sudden death,
rather than interference. Recent research on auditory memory
suggests that one potential reason for the information loss is an
inverse relationship between the number of objects in auditory
working memory and the fidelity of each object representation
(Joseph, Kumar, Husain, & Griffiths, 2015b). If this were the
case in the present study, then increasing the delay between
scenes would be more detrimental to performance as scene
size increases because the quality of the object representations
at scene sizes of six sounds would be poorer than representa-
tions of two or four sound objects. Other recent work on au-
ditory memory has revealed that memory is better when an
integrated auditory object must be held in auditory memory
rather than auditory features (Joseph, Iverson, et al., 2015).
This finding could explain why increasing the delay interval
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Fig. 4 Change-detection performance to all sound types in Experiment 3 (measured by d’). Error bars represent the standard error of the mean

was more detrimental to performance when the sounds were
simple noise and tone rhythms, as it is possible that listeners
are more likely to consider natural sounds as auditory
“objects,” even if they are unrecognizable. Also, the complex-
ity and multiple segregation cues in the auditory objects could
create more durable representations. It should be noted that
while listeners were better able to hold environmental sounds
in memory relative to artificial sounds, they had more diffi-
culty remembering unrecognizable relative to recognizable
environmental sounds over long intervals. It is possible that
the scrambled temporal structure of unrecognizable sounds
made it difficult to appropriately group acoustic details and
form objects on more difficult trials, motivating listeners at
times to focus on auditory features.

The results of the present investigation indicate a potential
difference in the auditory and visual memory processes that
support change detection. A well-demonstrated finding in vi-
sion is accurate change-detection performance at very short
delays between scenes (less than 100 ms) that is not affected
by the number of objects in the display. However, once the
delay between scenes exceeds 100 ms, change-detection per-
formance begins to decline as the number of objects within the
scenes increase (Phillips, 1974). Better change-detection per-
formance at short delays presumably reflects an unlimited-
capacity, short-duration sensory memory; meanwhile, perfor-
mance at longer delays that declines with increasing scene
sizes reflects a limited-capacity, long-duration visual working
memory system (Luck & Vogel, 1997).

In addition, however, a similar interaction does not occur.
There was no interaction between scene size and the delay
interval between scenes in Experiments 1 and 3 of this study:

Demany et al. (2008) also failed to find an interaction between
scene size and the delay interval between scenes in several
auditory change-detection experiments. The different pattern
of results in vision and audition do not necessarily mean that
there are fundamental differences in the visual and auditory
memory processes that support change detection. For exam-
ple, it is possible that visual and auditory change-detection
mechanisms are essentially the same, or at least analogous,
but different patterns emerge because auditory sensory mem-
ory is longer lasting than visual sensory memory (Demany
et al., 2008). The difference in auditory and visual sensory
memory is well-suited for the nature of auditory and visual
stimuli. Sounds are quite transient and need to be held in
memory in order to be temporally integrated with subsequent
sounds. Without this ability, it would be nearly impossible to
understand a spoken sentence, or to organize and integrate
continuous sounds as coming from a single source.
Temporal integration of auditory information requires a
long-duration sensory storage, but visual objects can typically
be viewed for extended periods of time, making a long senso-
ry storage unnecessary.

An additional possibility is that there is not as sharp a
distinction between auditory sensory and short-term/working
memory (e.g., Jones, Hughes, & Macken, 2006; Nicholls &
Jones, 2002) as there is in vision. Another issue to consider is
that visual stimuli in change-detection paradigms are usually
static, unlike sounds, which are dynamic. It will be important
for future visual change-detection studies to compare perfor-
mance to static (e.g., pictures) and dynamic (e.g., videos)
stimuli to further explore the issue of whether auditory and
visual change-detection processes are similar.
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In summary, change deafness to environmental sounds is
largely due to a capacity limitation and not to loss of memory,
except when using intervals of a few seconds or more. Change
deafness to simple, artificial sounds, however, is caused by
capacity limitations and loss of memory over time, even for
short intervals between scenes. Previous investigations of
change deafness have limited manipulations to only artificial
sounds (e.g., Cervantes Constantino, Pinggera, Paranamana,
Kashino, & Chait, 2012) or to only naturalistic sounds (e.g.,
Vitevitch, 2003). The present investigation is the first study, to
our knowledge, to directly compare change-detection perfor-
mance to spectrally complex environmental sounds and spec-
trally simple artificial sounds: a comparison that allowed us to
address the extent to which memory loss occurs in change-
deafness tasks with different stimuli. The differences in
change-detection performance to the different sound types
found in this experiment demonstrate the importance of using
multiple sound types to fully understand the mechanisms un-
derlying change deafness.

Appendix

List of recognizable environmental sounds used in all
experiments
Dog barking
Chant
Man coughing
Baby crying
Door creaking
Drum beat
Spoon hitting a frying pan
Lighting a match
Motorcycle engine
Owl hoot
Footsteps on stairs
Rocking chair
Knife sharpening
Train
Tuba melody
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