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Irrelevant speech is known to interfere with short-term memory of visually presented items. Here,

this irrelevant speech effect was studied with a factorial combination of three variables: the

participants’ native language, the language the irrelevant speech was derived from, and the play-

back direction of the irrelevant speech. We used locally time-reversed speech as well to disentangle

the contributions of local and global integrity. German and Japanese speech was presented to

German (n¼ 79) and Japanese (n¼ 81) participants while participants were performing a serial-

recall task. In both groups, any kind of irrelevant speech impaired recall accuracy as compared to a

pink-noise control condition. When the participants’ native language was presented, normal speech

and locally time-reversed speech with short segment duration, preserving intelligibility, was the

most disruptive. Locally time-reversed speech with longer segment durations and normal or locally

time-reversed speech played entirely backward, both lacking intelligibility, was less disruptive.

When the unfamiliar, incomprehensible signal was presented as irrelevant speech, no significant

difference was found between locally time-reversed speech and its globally inverted version,

suggesting that the effect of global inversion depends on the familiarity of the language.
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I. INTRODUCTION

Overhearing irrelevant background speech is known to

interfere with the maintenance of information in short-term

memory, i.e., the irrelevant speech effect, ISE (Banbury

et al., 2001; Ellermeier and Zimmer, 2014). It has been

shown that ISEs of comparable magnitude can be observed

with both forward and reversed speech (Jones et al., 1990;

R€oer et al., 2014; R€oer et al., 2017; Surprenant et al., 2007).

However, previous investigations do not completely agree

on whether forward speech and reversed speech are equipo-

tent in producing ISEs. Therefore, to replicate and extend

the earlier findings, the present investigation addressed this

issue by factorially combining the forward/backward

manipulation with a familiar vs unfamiliar language from

which the irrelevant speech material was derived, and we did

so in two subject populations (native German vs native

Japanese speakers) for whom the respective other language

was totally incomprehensible. Besides, we employed locally

time-reversed speech—speech that is cut into short segments,

reversed in time, and concatenated in the original order—and

its global reversal, i.e., playing backward the entire locally

time-reversed speech, to see the effects of integrity of local

and global features of speech on magnitude of the ISE. The

experiment was run with both German and Japanese partici-

pants. The stimuli, both in German and Japanese, and experi-

mental procedure were precisely matched in two sites, one in

Germany and the other in Japan. Substantial ISEs were

observed in all conditions employing speech, confirming that

semantics is not a crucial factor in ISEs. However, while the

effect of global playing direction in locally time-reversed

speech clearly appeared in native speakers of the language,

the effect was nonsignificant in participants who did not

understand the respective language, suggesting that the effect

is related to linguistic comprehensibility, i.e., the language in

question is perfectly understood under optimal (undegraded)

listening conditions.

Colle and Welsh (1976) showed that incomprehensible

foreign speech interferes with serial recall performance of

visually presented letters. Then, phonological similarity

between visually presented items and auditory backgrounds,

rather than semantic similarity (cf. Marsh and Jones, 2010),

was brought into focus (Baddeley, 1986; Salam�e and
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Baddeley, 1982), supporting a working-memory model involv-

ing a phonological loop (Baddeley, 1986), because the

model—retaining short-term memory items in a loop after con-

verting visual items into auditory items—seemed to explain the

ISE with (foreign) speech. However, the effect of phonological

similarity between the irrelevant speech and the to-be-remem-

bered items found by Salam�e and Baddeley (1982) was not

replicated (Jones and Macken, 1995; Larsen et al., 2000;

LeCompte and Shaibe, 1997). Many other empirical findings

also go against the model (see Caplan et al., 2012, for review).

Several alternative models or theories for the ISE have been

proposed, e.g., accounts related to perceptual organization or

auditory scene analysis (Bregman, 1990) such as the O-OER

model with changing-state (Jones, 1993), perceptual-motor

interference (Hughes and Marsh, 2017), and interference-by-

process (Marsh et al., 2018), or other accounts with temporal

distinctiveness theory (LeCompte et al., 1997), an extended

feature model (Neath, 2000), attention (Bell et al., 2019;

Lange, 2005), and psychoacoustical or acoustical parameters

(Schlittmeier et al., 2012; Senan et al., 2018a,b), seeking a bet-

ter account of a wide range of findings.

The ISE itself is a robust phenomenon: Speech is always

the most disruptive background sound, compared to non-

speech sounds. Even with severely degraded speech, e.g.,

noise-vocoded speech, which conveys only amplitude enve-

lope patterns in several frequency bands (Shannon et al.,
1995), ISEs of substantial magnitude have been obtained, pro-

vided sufficient spectral resolution is preserved (Dorsi, 2013;

Ellermeier et al., 2015; Senan et al., 2018a,b). In this case,

temporal changes in several frequency bands are necessary to

produce the ISE. Therefore, both the temporal and spectral

integrity of the distractor have to be considered to account for

the particularly disruptive nature of irrelevant speech.

Temporal reversal (Kellogg, 1939; Meyer-Eppler,

1950), i.e., playing long utterances from end to beginning, is

a traditional technique to make natural speech unintelligible

without changing the spectrum. This procedure maintains

the overall spectrum and the kinds of spectral changes occur-

ring, but destroys linguistic meaning completely (Licklider

and Miller, 1951). To show the semantics of the irrelevant

stream are not crucial to obtain the ISE, some researchers

have used such reversed speech (Jones et al., 1990;

LeCompte et al., 1997; R€oer et al., 2014, 2017; Surprenant

et al., 2007). Typically, ISEs of comparable magnitude as

with forward speech were obtained with reversed speech.

We found two exceptions in the literature: a marginally sig-

nificant difference in ISE (p¼ 0.08 with n¼ 79) was found

between forward and reversed words in LeCompte et al.
(1997), and no significant difference between a white-noise

control condition and a reversed speech condition (p¼ 0.196

with n¼ 29) was observed in Viswanathan et al. (2014).

However, the difference, if any, was very small (2%) in

LeCompte et al.; in Viswanathan et al., the evidence is indi-

rect and inconclusive because no direct comparison between

forward and reversed speech was included in their experi-

ments. To clarify the issue, we performed an experiment

with two comparable sizes of participant groups of vastly

different native languages, i.e., German and Japanese, with a

symmetrical experimental design in receiving both one’s

native and an incomprehensible language as irrelevant

speech, and with both forward and reversed speech being

presented to each group of participants.

Moreover, rather than playing an entire speech utterance

backwards, the present investigation focuses on locally time-
reversed speech, i.e., temporally inverting successive seg-

ments (20–120 ms long) of a speech utterance. Essentially,

this manipulation was introduced by Steffen and Werani

(1994) to investigate the temporal resolution required for

speech perception. Locally time-reversed speech is con-

structed by first cutting a speech utterance into short segments

and subsequently reversing each segment in time. It is called

locally time-reversed speech because the reversal takes place

only within each segment, rather than reversing the entire

utterance. By varying segment duration, the intelligibility of

locally time-reversed speech can be manipulated systemati-

cally. Research from our laboratories (Ueda et al., 2017) has

shown that the intelligibility of locally time-reversed speech

gradually decreased from perfectly intelligible (at 20 ms seg-

ment duration) to unintelligible (>100 ms), in very similar

ways for four different languages (English, German,

Mandarin Chinese, and Japanese).

Since the segmentation and reversal to obtain locally

time-reversed speech is performed with no regard to phone-

mic cues in original speech [Fig. 1(a)], these cues are in

most cases split up at some haphazard position and displaced

in time [Fig. 1(b); cf. Nakajima et al., 2018; Ueda et al.,
2017)]. The results of previous perceptual experiments

(Greenberg and Arai, 2001; Ishida et al., 2018; Kiss et al.,
2008; Meunier et al., 2002; Nakajima et al., 2018; Remez

et al., 2013; Saberi and Perrott, 1999; Steffen and Werani,

1994; Stilp et al., 2010; Ueda et al., 2017) indicate that the

auditory system is capable of overriding this kind of degra-

dation and retrieving plausible solutions to some extent,

unless the reversed segment duration becomes too long. The

restoration process, however, should certainly impose an

extra processing load on the auditory system compared to

the processing of normal speech. Thus, we may hypothesize

that the process of reconstructing locally time-reversed

speech uses global (across-segment) cues to seek plausible

solutions despite the scrambled local (within-segment)

cues. This process should run automatically because, for

the auditory system, there is no way to know how the stim-

ulus was made beforehand. This is consistent with the idea

that two time windows of different time scales

(�20–30 ms and �200 ms) exist in our brain and that the

two processes, i.e., phonemic and syllabic processes, run

in parallel to some extent, which is supported by several

works done by Poeppel and colleagues (Chait et al., 2015;

Giraud and Poeppel, 2012; Hickok and Poeppel, 2007;

Poeppel, 2003; Sanders and Poeppel, 2007; Teng et al.,
2016). The theory implies that perception of locally time-

reversed speech is possible when the segment duration is

shorter than �30 ms because the syllabic process can still

work with integrating information dispersed over more

than three segments and phonemes can be deduced from

the syllabic information. Retrieval becomes difficult with

longer segment duration.
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Here we examine whether the global (across-segment) cues

take precedence over the local (within-segment) cues in speech

processing, or vice versa, and how these cues affect the size of

the ISE. To be more specific, when locally time-reversed speech

is played forward, global integrity is maintained, but degraded

gradually as the segment duration becomes longer, whereas

when locally time-reversed speech is played backward, each seg-

ment shows a fractional series of normal speech cues, and local

integrity increases as the segment duration becomes longer.

To investigate whether the integrity of local or global

cues in task-irrelevant speech might affect the magnitude of

the ISE, we used (a) natural speech recordings played forward

(abbreviated as F), (b) locally time-reversed speech (LTR-F),

(c) reversed playback of the entire locally time-reversed

sequence (LTR-R)—thereby concatenating recovered forward

segments in an unnatural (reversed) order, and (d) reversed

speech (R) as irrelevant speech distractors during a serial

recall task (see Fig. 1 and Table I for depictions of these stim-

ulus manipulations). Further, participants were tested with

either their native language or a foreign language they did not

understand. Specifically, sentences spoken in German and

Japanese, taken from the same speech database, were used to

test German-speaking participants and Japanese-speaking par-

ticipants. This configuration allows us to check the possibility

as to whether mastering or comprehending the background

language affects the ISE. If comprehensibility played a role,

our native-speakers would be more affected by manipulations

of material derived from their own language than the non-

native speakers to whom the language is incomprehensible.

About the contrast in the integrity of local and global

cues, we are considering two alternative hypotheses: hypoth-

esis HL, which states that an ISE produced by locally time-

reversed speech is primarily caused by the integrity of local

(within-segment) cues, and HG, which states that an ISE of

locally time-reversed speech is primarily caused by the

integrity of global (between-segment) cues, i.e., global order

of cues in the spectro-temporal pattern. The following pre-

dictions are made regarding the experimental results. Under

the HL, LTR-R should exhibit a greater ISE than LTR-F,

because the integrity of local speech cues is reinstated by

global reversal. By the same token, in LTR-R conditions,

increasing segment duration should increase the magnitude

of the ISE. In contrast, under the HG, LTR-R should produce

smaller ISEs than LTR-F, since in the former, the global

spectro-temporal pattern is degraded. Likewise, in LTR-F

conditions, increasing segment duration should reduce ISEs.

II. METHOD

The experiment was performed in two laboratories

simultaneously: at Technische Universit€at Darmstadt in

Germany, and at Kyushu University in Fukuoka, Japan.

FIG. 1. (Color online) Examples of auditory stimuli represented as waveforms and spectrograms. (a) An original spoken sentence played forward, F, in

German by a female talker, saying “Geld allein macht nicht gl€ucklich.” (Money alone does not make you happy.) (b) For a locally time-reversed version,

LTR-F, the original speech is divided into segments of fixed duration (in this case, 70 ms) and each segment is played backwards. (c) LTR-F was globally

inverted to generate LTR-R. (d) A temporally inverted version of the original, i.e., reversed speech, R. The original speech sample was extracted from the

NTT-AT, Multi-lingual speech database 2002. The figure was drawn with Praat, developed by Boersma and Weenink (2016).
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A. Participants

1. German-native participants

Two samples of native speakers of German were

recruited from the same population in two separate phases in

Darmstadt: n¼ 38 (28 female and 10 male, age range 17–43

years, median¼ 20, the procedure carried out in fall 2016)

were exposed to German background speech, and n¼ 43 (19

female and 24 male, age range 18–56 years, median¼ 23,

the procedure carried out in spring 2017) to Japanese back-

ground speech. All of them declared not to understand

Japanese. The majority consisted of university students par-

ticipating for course credit; the remainder was paid a hono-

rarium of 8 Euros. All participants claimed to have normal

hearing and normal or corrected normal vision.

2. Japanese-native participants

A screening was administered to Japanese-native partic-

ipants in Fukuoka to check whether a potential participant

had ever learned German because students can take German

classes. Only candidates who had not learned German were

assigned to a group in which participants were exposed to

German background speech (n¼ 41; 13 female and 28 male,

age range 19–37 years, median¼ 22). Another group of par-

ticipants were exposed to Japanese background speech

(n¼ 42; 15 female and 27 male, age range 18–29 year,

median¼ 22). All participants were student volunteers. All

of them had normal hearing (tested with an audiometer,

Rion, AA-56, Rion Co., Ltd., Kokubunji, Japan, to assure

less than 25-dB hearing loss within the frequency range of

250–8000 Hz) and normal or corrected normal vision.

B. Stimuli

1. Auditory stimuli

The speech material (German or Japanese) was

extracted from a multilingual database of spoken sentences

(NTT-AT, “Multi-lingual speech database 2002,” NTT

Advanced Technology Corp., Kawasaki, Japan) recorded

with a 16-kHz sampling rate and 16-bit quantization.

Recordings of 80 sentences in German and Japanese (only

eight sentences in German and four sentences in Japanese

contained single utterances of a numeral in the respective

language), each of which was spoken by five female and five

male native speakers, were extracted. Thus, 800 recordings

were prepared for each language, eliminating irrelevant

noise and silent periods before and after utterances by

inspecting waveforms and listening to acoustic signals, leav-

ing about 10-ms silent margins at the beginning and end of

each recording. Average duration per sentence in German

was 1.8 s [standard deviation (SD)¼ 0.38)] and in Japanese

2.6 s (SD¼ 0.50).

For each trial, eight sentences were concatenated to pro-

duce a desired 14-s irrelevant-speech stream. Different talk-

ers were assigned to each sentence randomly without

repetition in a trial. These were processed as illustrated in

Fig. 1: They were either played back as such (original for-

ward speech, F) or divided up into segments of 20, 70, or

120 ms duration, including 2.5-ms cosine ramps to fade in

and out for further processing. Subsequently, each segment

was reversed in time while maintaining the original order of

segments, thus generating locally time-reversed speech

(LTR-F) streams [see Fig. 1(b)]. Additional background

speech conditions were produced by reversing these materials,

i.e., locally-reversed [LTR-R; see Fig. 1(c)], or original

speech signals [R; Fig. 1(d)]. For each of the resulting eight

irrelevant-speech conditions, ten different exemplars were

generated to present new acoustical material on each trial.

Pink noise was generated for an additional non-speech control

condition. Pink noise was faded in with a 10-ms cosine ramp.

Both the pink noise and background speech streams were

faded out with a cosine ramp during the last 1 s on each trial.

The signal processing of the speech stimuli was performed

with an in-house software written in J language (J Software,

2016), whereas pink noise was generated in MATLAB.

2. Visual stimuli

Nine digits from “1” to “9” were prepared in a Sans

Serif font. The height of each digit on the screen was 20 mm

during the exposure phase. The observation distance was

about 0.45 m in Darmstadt, and 1.15 m in Kyushu. Thus, the

visual angles of the stimuli were about 2.55 degrees in

Darmstadt, and about 1.00 degree in Kyushu. The visual

stimuli were generated with a software written in MATLAB.

C. Apparatus

Great care was taken to assure nearly identical auditory

stimulation at both experimental sites, i.e., Technische

Universit€at Darmstadt and Kyushu University laboratories,

using headphones of the same make [Beyerdynamic DT 990

(Beyerdynamic GmbH, Heilbronn, Germany)] in a sound-

proof booth [Darmstadt: Industrial Acoustics Company

TABLE I. Types of task-irrelevant sound presented during serial recall. Local integrity refers to integrity within segments, whereas global integrity refers to

integrity across segments. Intelligibility refers to the degree to which an utterance is understood under the given conditions. In (b), the global integrity

decreases with segment duration getting longer, whereas in (c), the local integrity increases with segment duration getting longer.

Type of auditory stimuli Abbreviation

Local

integrity

Global

integrity Intelligibility

(a) Natural speech recordings played forward F (Yes) Yes Perfect

(b) Locally time-reversed speech LTR-F No Yes Close to perfect at 20-ms segment duration, but almost none at

120 ms (Ueda et al., 2017)

(c) Reversed playback of locally time-reversed speech LTR-R Yes No Unintelligible, regardless of segment duration (<200 ms)

(d) Reversed speech R (No) No None
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(Niederkr€uchten, Germany); Kyushu: Music cabin SC3

(Takahashi Kensetsu, Kawasaki, Japan)]. The average sound

pressure level (SPL) of the background auditory stimuli

(except pink noise) at the headphones was adjusted to 74 dB

SPL with a 1-kHz calibration tone, which was provided with

the speech database, by using an artificial ear [Br€uel & Kjær

type 4153 (Br€uel & Kjær Sound & Vibration Measurement

A/S, Nærum, Denmark)], a condenser microphone (Br€uel &

Kjær type 4192), and a sound level meter (Br€uel & Kjær

type 2250). The sound pressure level of pink noise was about

72 dB SPL. A D/A converter (a high-quality sound card)

[RME multiface II (Audio AG, Haimhausen, Germany)] and

a headphone amplifier [Behringer Pro 8 (Behringer,

Zhongshan, China)] were used at Technische Universit€at

Darmstadt, and an optical interface [USB interface Roland

UA-4FX (Roland Corp., Shizuoka, Japan)] and a headphone

amplifier with a built-in D/A converter [Audiotechnica AT-

DHA 3000 (Audiotechnica, Machida, Japan)] were used at

Kyushu University to drive the headphones.

The visual stimuli were presented on a computer screen,

a TFT-LCD monitor with a resolution of 1280� 1024 pixels

[Darmstadt: Zalman, ZM-M190 (Seoul, Korea); Kyushu:

Epson, LD1755S (Suwa, Japan)]. The screen was placed in

the soundproof booth in Darmstadt, whereas it was placed

outside of the booth and was visible through the double-

glass window in Kyushu. The luminance of the screen was

adjusted and fixed at a comfortable looking level in each

site.

D. Procedure

Each trial was initiated by the participant mouse-

clicking a button, which appeared on the screen. Then, a ran-

dom permutation of eight digits (drawn from the set of 1

through 9 without repetition) was presented in the center of

the screen. Digits were displayed for 1 s each without inter-

stimulus intervals. The participants’ task was to memorize

the order of digits without overtly rehearsing, i.e., employing

articulatory organs. They were instructed to ignore whatever

sounds that were presented. After presentation of the digits,

a blank screen appeared for 6 s (retention interval) before

participants were asked to recall the series of digits. To that

effect, a number pad was presented on the screen, and partic-

ipants had to click on the digits in the respective order. The

stream of irrelevant sound (14 s) was played back during the

presentation of the digits and during the retention interval.

Each sound condition (nine conditions in total: eight types of

speech utterances as experimental conditions and pink noise

as a control, baseline condition) was presented ten times,

resulting in a total of 90 trials. The order of trials was ran-

domized for each participant. The experiment was preceded

by two practice trials and interrupted by three optional

breaks. It took about 60 min to complete. The experiment

was run with a software written in MATLAB using the

Psychophysics Toolbox extensions (Brainard, 1997; Kleiner

et al., 2007; Pelli, 1997). Retrospective self-reports on

Japanese participants’ mnemonic strategy were collected at

the end of their sessions from 61 of the 83 Japanese partici-

pants in total. That is, 30 participants in the Japanese

background conditions and 31 in the German background

conditions provided the self-reports.

III. RESULTS

Two German participants in the Japanese background

conditions chose to discontinue the experiment. The self-

reports led to the omission of the results of two Japanese par-

ticipants, one in the Japanese background conditions and one

in the German background conditions; they were judged to

have disregarded the instructions—one participant in the

Japanese conditions made articulatory movements silently to

memorize digits, and another participant in the German con-

ditions tapped a desk with his finger, trying to mask the audi-

tory stimuli. The omission did not alter statistical

conclusions. About 96% of 59 Japanese participants reported

that they used some kinds of mnemonics. The majority

(about 63%) tried to make puns (construct meaningful words

from the sequence of digits), group the digits into several

sets, or combine these two methods.

Performance, i.e., correct response rates at each position

in the sequence, in each of the nine background sound condi-

tions, was averaged within and across subjects. For clarity,

curves collapsed across segment durations in locally time-

reversed speech conditions are depicted in Fig. 2. The follow-

ing statistical analyses were performed on the arc-sine trans-

formed (Snedecor and Cochran, 1989) rates. Performance in

the pink-noise control conditions was significantly better than

in any other condition for all groups of participants (Fig. 2;

post hoc Tukey-Kramer honestly significant difference tests,

p< 0.05). Thus, clear ISEs were observed. The curves of

experimental conditions, i.e., conditions other than the pink-

noise control condition, in each panel of Fig. 2, show a typical

pattern of the serial-position effect (e.g., Glanzer and Cunitz,

1966; LeCompte et al., 1997; LeCompte and Shaibe, 1997;

Murdock, 1962). Performance of Japanese participants is gen-

erally better than that of German participants, as is confirmed

with a Wilcoxon test, z¼ 40.88, p< 0.001.

Averaged numbers of digits correctly reported at the

appropriate position in the sequence are depicted in Fig. 3.

Focusing on the forward speech in the native language con-

ditions (filled inverted triangles and filled circles in the left

column of Fig. 3; F and LTR-F), unsegmented utterances

and locally time-reversed speech with 20-ms segments

resulted in the least numbers of digits recalled in both groups

of participants, whereas performance improved as the seg-

ment durations were lengthened. Reversed speech (open

inverted triangles and open squares in the left column of Fig.

3; R and LTR-R) generally produced comparable levels of

performance to those of LTR-F with 70- or 120-ms seg-

ments. In the non-native language conditions (the right col-

umn of Fig. 3), no systematic difference appeared between

LTR-F (filled circles) and LTR-R (open squares) in both par-

ticipant groups; on the other hand, in German participants

[Fig. 3(b)], no difference between F and R was observed,

whereas in Japanese participants [Fig. 3(d)], R exhibited a

smaller ISE than F.

These observations are supported by two groups of sta-

tistical analyses, in which the pink-noise control condition
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was excluded: a 2� 2� 2� 4 (Participant Group [German,

Japanese]�Language [native, non-native]�Direction [for-

ward, reversed]� Segment Duration [0, 20, 70, 120 ms])

mixed analysis of variance (ANOVA) applied to the overall

results, and 2� 4 (Direction [forward, reversed]� Segment

Duration [0, 20, 70, 120 ms]) repeated-measures ANOVAs

applied to each combination of participant groups and lan-

guages presented, which corresponds to each panel in Fig. 3.

The 2� 2� 2� 4 mixed ANOVA applied to the whole set

of experimental conditions revealed significant main effects of

participant group, F(1, 156)¼ 28.01, p< 0.001, g2
G ¼ 0:115,

and segment duration, F(3, 468)¼ 11.61, p< 0.001, g2
G

¼ 0:009. A significant interaction effect was found between

direction and segment duration, F(3, 468)¼ 3.97, p¼ 008,

g2
G ¼ 0:003. No other effect was statistically significant.

The 2� 4 (Direction [forward, reversed]� Segment

Duration [0, 20, 70, 120 ms]) repeated-measures ANOVAs

applied to each combination of participant groups and lan-

guages yielded the following. A main effect of direction was

statistically significant only in German participants being

presented German speech backgrounds [Fig. 3(a)], F(1, 37)

¼ 10.44, p¼ 0.003, g2
G ¼ 0:003. Significant main effects of

segment duration were found in all groups of participants,

German participants being presented German [Fig. 3(a)],

F(3, 111)¼ 18.30, p< 0.001, g2
G ¼ 0:014, German partici-

pants being presented Japanese [Fig. 3(b)], F(3, 120)

¼ 10.03, p< 0.001, g2
G ¼ 0:008, Japanese participants being

presented Japanese [Fig. 3(c)], F(3, 120)¼ 8.26, p< 0.001,

g2
G ¼ 0:006, and Japanese participants being presented

German [Fig. 3(d)], F(3, 117)¼ 6.90, p< 0.001, g2
G ¼ 0:005.

Significant interaction effects between direction and segment

duration were found in German participants being presented

German [Fig. 3(a)], F(3, 111)¼ 8.75, p< 0.001, g2
G ¼ 0:006,

Japanese participants being presented Japanese [Fig. 3(c)],

F(3, 120)¼ 3.10, p¼ 0.03, g2
G ¼ 0:002, and Japanese partici-

pants being presented German [Fig. 3(d)], F(3, 117)¼ 4.13,

p¼ 0.01, g2
G ¼ 0:003, but the interaction effect was only

marginally significant in German participants being pre-

sented Japanese [Fig. 3(b)], F(3, 120)¼ 2.40, p¼ 0.07,

g2
G ¼ 0:002. Significant simple effects were found in

German participants being presented German [Fig. 3(a)], for

direction at 0 ms, F(1, 37)¼ 13.80, p< 0.001, g2
G ¼ 0:014,

and at 20 ms, F(1, 37)¼ 16.79, p< 0.001, g2
G ¼ 0:018, and

for segment duration with forward speech, F(3, 111)

¼ 25.46, p< 0.001, g2
G ¼ 0:036; in German participants

being presented Japanese [Fig. 3(b)], for segment duration

with forward speech, F(3, 120)¼ 10.92, p< 0.001, g2
G

¼ 0:016; in Japanese participants being presented Japanese

FIG. 2. Correct recall rate as a function of serial position and background condition (n¼ 160, in total). For clarity, only the curves collapsed across segment

durations are shown for the locally time-reversed speech conditions. (a) German and (b) Japanese background speech was presented to German participants

(n¼ 38, n¼ 41), whereas (c) Japanese and (d) German background speech was presented to Japanese participants (n¼ 41, n¼ 40). Thus, (a) and (c): Native

language was presented as irrelevant speech; (b) and (d): Non-native language was presented as irrelevant speech. In the legends, F: forward; R: reversed;

LTR: locally time-reversed speech.
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[Fig. 3(c)], for direction at 20 ms, F(1, 40)¼ 6.39, p¼ 0.02,

g2
G ¼ 0:006, for segment duration with forward speech, F(3,

120)¼ 8.37, p< 0.001, g2
G ¼ 0:012, and for segment dura-

tion with reversed speech, F(3, 120)¼ 3.14, p¼ 0.028,

g2
G ¼ 0:005; in Japanese participants being presented

German [Fig. 3(d)], for direction at 0 ms, F(3, 39)¼ 13.51,

p< 0.001, g2
G ¼ 0:011, and for segment duration with for-

ward speech, F(3, 117)¼ 9.05, p< 0.001, g2
G ¼ 0:012. No

other effect was statistically significant.

IV. DISCUSSION

Substantial ISEs were obtained in both German-

speaking and Japanese-speaking participants for both back-

ground languages: Performance was considerably worse in

all conditions involving speech (processed or not) than in the

pink-noise control conditions (Figs. 2 and 3). This was true

regardless of whether the participants’ native language (left

column in Fig. 3) or the foreign (incomprehensible) language

was presented (right column of Fig. 3). Both sets of curves

show ISEs of approximately equal magnitude: Average per-

formance decrements of German participants being exposed

to German background speech amounted to 17%; when

exposed to Japanese, it amounted to 15%. Likewise, the per-

formance decrement in Japanese participants was 12% when

exposed to Japanese and 12% when exposed to German in

the background. This suggests that neither the semantics of

the irrelevant speech, nor the particular language-specific

phonetics account for the overall disruption. When contrast-

ing the results for free-running forward speech and the same

signal played backwards (leftmost, filled and open inverted

triangles in each panel of Fig. 3), it becomes obvious that

reversed speech produces significant disruption, consistent

with the bulk of the evidence in the literature (Jones et al.,
1990; LeCompte et al., 1997; R€oer et al., 2014; R€oer et al.,
2017; Surprenant et al., 2007) and suggesting that the

semantics of irrelevant speech are not crucial in producing

auditory distraction.

However, the present results also suggest that global

integrity of speech cues, linguistic comprehensibility, and

intelligibility affected the performance of native participants.

The following three points are the main findings as to locally

time-reversed speech and its global reversal, i.e., LTR-F and

LTR-R. First, in the native language background conditions

(Fig. 3, left column), LTR-R did not produce greater disrup-

tion than LTR-F, and segment duration had no effect in

LTR-R, supporting hypothesis HG and rejecting hypothesis

HL. Thus, the global integrity dominated the size of ISE in

the native participants. Second, in the non-native language

background conditions (Fig. 3, right column), no statistically

significant difference between LTR-F and LTR-R was

FIG. 3. Averaged performance (n¼ 160, in total) under irrelevant sound conditions. (a) German and (b) Japanese background speech was presented to

German participants (n¼ 38, n¼ 41), whereas (c) Japanese and (d) German background speech was presented to Japanese participants (n¼ 41, n¼ 40). (a)

and (c): Native language was presented as irrelevant speech; (b) and (d): Non-native language was presented as irrelevant speech. In the legends, F: forward;

R: reversed; LTR: locally time-reversed speech. Error bars represent SEM.
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found, supporting neither HG nor HL. This suggests that the

effects found in participants being exposed to their own

native language were most plausibly caused by linguistic

comprehensibility, i.e., their capability of processing the lan-

guage or its elements to a greater extent. Third, in the native

language background conditions (Fig. 3, left column), LTR-

F with short segment duration produced as much disruption

of serial recall as forward speech (F), suggesting that intelli-

gibility of a comprehensible language has an effect on the

magnitude of the ISE.

In addition, focusing on unsegmented forward vs

reversed speech (filled and open inverted triangles in each

panel of Fig. 3), one may notice that German background

speech (in panels a and d of Fig. 3) exhibited a clear effect

of reversal, whereas Japanese background speech [in panels

(b) and (c) of Fig. 3] did not. The results provide further evi-

dence showing that reversed speech does not always produce

ISEs of comparable magnitude as does forward speech.

Although it is difficult to pin down the reason, a noticeable

difference in phonemic structures of the two languages pos-

sibly caused the contrasting results: German exhibits a much

larger proportion of consonant durations in a sentence, 61%,

than Japanese, 49% (Ueda et al., 2017; cf. Ramus et al.,
1999), reflecting much more frequent occurrences of conso-

nants in German than in Japanese—Japanese in most cases

allows only one consonant in a syllable, whereas many of

German syllables contain more than one consonant. A lan-

guage with more rapidly changing spectra, German, may

produce a larger contrast between forward and reversed

speech than a language with less rapidly changing spectra,

Japanese, because the more frequent anomalous changes in

reversed German speech may interfere with the automatic

speech processing to a greater extent, hence a smaller ISE.

Generally, Japanese participants performed better than

German participants. This may partially explain why the per-

formance differences caused by direction of playback tended

to be smaller in Japanese participants. Retrospective self-

reports in Japanese participants revealed that most of them

used mnemonics, especially puns and rhythmic grouping.

Since the short form of a traditional way of counting num-

bers in Japanese uses only one mora (short syllable) for each

digit, like “hi, fu, mi, yo, i, mu, na, ya, ko,” corresponding

from one to nine, and each mora can be a building block of

Japanese words (that consist of one or more morae), it might

be easy to make puns with just a few morae for some

Japanese participants. Moreover, the short form with regular

mora timing should facilitate grouping, promote chunking,

and save time for rehearsal. These factors probably contrib-

uted to the better performance of Japanese participants. The

same explanation may hold for earlier findings of Japanese

participants performing better in the serial recall of digits

than native speakers of other languages (Ellermeier et al.,
2015; Hellbr€uck et al., 1996).

In sum, the largest ISEs were obtained for forward

speech and locally time-reversed speech with short segment

duration, but only when the participants’ native language

was presented. Any speech stimuli in either language, how-

ever, produced an ISE to some extent. For non-native speak-

ers who did not master the language, the direction of playing

and segment duration had no systematic effect on the disrup-

tion caused by locally time-reversed speech, suggesting that

the effects found in the native speakers most plausibly

depended on linguistic comprehensibility. This implies that the

global integrity takes precedence over local integrity of speech

cues in governing the disruptive effects of irrelevant speech, at

least for participants mastering the irrelevant language.
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