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a b s t r a c t

Background noise has a greater adverse effect on word recognition when people are listening in their
second language (L2) as opposed to their first language (L1). The present study investigates the extent to
which linguistic experience affects the ability of L2 listeners to benefit from a delay between the onset of
a masker and the onset of a word. In a previous study (Ben-David, Tse & Schneider, 2012), word
recognition thresholds for young L1s were found to improve with the increase in the delay between the
onset of a masker (either a stationary noise or a babble of voices) and the onset of a word. The in-
vestigators interpreted this result as reflecting the ability of L1 listeners to rapidly segregate the target
words from a masker. Given stream segregation depends, in part, on top-down knowledge-driven pro-
cesses, we might expect stream segregation to be more “sluggish” for L2 listeners than for L1 listeners,
especially when the masker consists of a babble of L2 voices. In the present study, we compared the
ability of native English speakers to those who had either recent or long-term immersion in English as L2,
to benefit from a delay between masker onset and word onset for English words. Results show that
thresholds were higher for the two L2s groups than for the L1s. However, the rate at which word
recognition improved with word-onset delay was unaffected by linguistic status, both when words were
presented in noise, and in babble. Hence, for young listeners, stream segregation appears to be inde-
pendent of linguistic status, suggesting that bottom-up sensory mechanisms play a large role in stream
segregation in this paradigm. The implications of a failure of older L1 listeners (in Ben-David et al.) to
benefit from a word-onset delay when the masker is a babble of voices are discussed.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Daily communication often occurs in noisy environments (e.g.,
classrooms, restaurants, stores, offices), where competing sound
sources could interfere with one's ability to communicate effec-
tively. The presence of competing sound sources is especially
challenging to those operating in their second language (L2,
Neuropsychology Laboratory
isciplinary Center (IDC) Her-

-David).
Bradlow and Bent, 2002). As a result, everyday noisy situations
present more of a barrier to communication and social interaction
for this group than they do for native speakers of a language (L1).

One possible reason for the difficulties L2 listeners experience in
the noisy backgrounds characteristic of everyday life, is that it may
be more difficult for them than for L1 listeners to segregate the
speech stream from the acoustic background. To recognize and
comprehend speech in noise, listeners have to be able to parse the
auditory scene into its component sound sources (stream segre-
gation, Bregman,1990), so that they can focus their attention on the
target speech. Successful segregation of the acoustic input into
separate auditory streams will improve speech perception in the
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presence of competing sound sources, leading to a reduction in the
interference caused by the maskers, commonly referred to as
“release from masking” (e.g., Brungart et al., 2001; Durlach et al.,
2003). However, stream segregation is not achieved instantly, and
the time it takes for it to develop depends both on the listener and
on the stimuli used (see the seminal work by Bregman, e.g.,
Bregman, 1990; Bregman and Campbell, 1971).

There are a number of acoustic cues that affect the degree of
stream segregation that is achieved, such as the temporal proximity
of successive sounds, as well as their similarity in F0 and spectrum.
In general, the greater the acoustic dissimilarity between the target
and the competing sounds, the easier it is to perceptually segregate
the streams. Beyond these acoustic, or bottom-up, factors, there are
a number of top-down assisting cues, such as attention, expecta-
tions, and prior exposure which could also affect streaming (e.g.,
Ragert et al., 2014; Shinn-Cunningham and Best, 2008). One
possible reason for the difficulties L2 listeners experience in noisy
backgrounds is that their ability to parse the auditory scene is
either less efficient and/or slower in their L2 than in their L1,
because the top-down processes supporting word recognition are
not as well developed in their L2 as in their L1.

In a previous study (Ben-David et al., 2012), we investigated the
degree to which the ability of L1 listeners to identify a single word
masked by a competing sound source improved with increase in
the delay between the onset of the masker and the onset of a word.
In young L1 listeners, word identification was found to improve as
the delay between the onset of the masker and word onset
increased (for delays up to approximately 600 ms) for two types of
maskers: a stationary broadband noise, and a babble of voices.
However, the pattern of results differed for older L1 listeners.
Although older L1 listeners were able to benefit from a delay be-
tween masker onset and word onset when the masker was sta-
tionary speech-spectrum noise, when the competitor was a babble
masker, they were not able to benefit from this cue, even when the
onset of the speech target followed babble onset by 1.1 s Ben-David
et al. (2012) interpreted this pattern of results as indicating that the
acoustic and phonetic similarity between the babble of voices and
the words to-be-identified interfered with stream segregation
more in older than in young adults.

1.1. Linguistic experience and spoken word identification

The present study investigated whether young L2s might also
experience greater interference when listening to speech pre-
sented in babble than in noise. In these listeners, we would expect
their L2 lexicon to be less well established than their L1 lexicon.
Hence, access to the meaning of a word might be slowed in L2
compared to L1. In addition, the babble masker could initiate ac-
tivity in both L1 and L2 lexicons, making it more difficult to
segregate the target word from the background babble when
listening to L2 words. This simultaneous activation might slow
access to the target lexicon, and increase the competition between
lexical candidates. We would also expect the babble to be a more
effective masker the less fluent the listeners were in their L2.
Hence, there are reasons to expect stream segregation to be more
difficult when listening for L2 words in the presence of a babble of
voices, than it would be when listening for L1 words in the same
babble of voices (for a more complete discussion of these issues,
see Avivi-Reich et al., 2014).

There are a number of reasons why we might expect word
identification to be poorer and slower in L2 listeners than in L1
listeners, and for L2 listeners' performance to be more sensitive to
the nature of the competing sounds than their L1 counterparts.
Previous studies have shown that when asked to listen to L2 speech
in a noisy environment, L2 listeners require substantially more
favorable signal-to-noise ratios than L1 listeners. For example,
Nakamura and Gordon-Salant (2011) found that young native-
Japanese listeners had significantly poorer English speech percep-
tion ability than native-English listeners, in both quiet and noise.
The psychometric function for the native-Japanese listeners was
shifted by 3e4 dB SNR from that of the native-English listeners. The
difficulties experienced by L2 listeners may be the result of a
reduced ability to make fine phonemic discriminations in L2 and/or
to make use of language-specific cues (for a review, see Garcia et al.,
2010). The degree of threshold elevation for L2 relative to L1 lis-
teners has been found to be affected by several factors. These
include, but are not limited to, the age at which they were exposed
to L2, the duration of exposure to L2, the listener's individual vo-
cabulary size and knowledge of the grammatical structure of L2, as
well as extent of L2 use. It is important to note that, even in
adulthood, L2's acoustic-phonetic characteristics may not be fully
acquired (e.g. Florentine, 1985; Mayo et al., 1997). This might result
in a reduced ability to discriminate fine phonemic information
(Bialystok and Luk, 2012; Garcia Lecumberri et al., 2010), which is
crucial for successful speech perception (Bradlow and Pisoni, 1999;
Meador et al., 2000).

Failing to identify sounds as different phonemes in L2, could
lead to an activation of additional lexical candidates as the word
unfolds in time (Weber and Cutler, 2004). The additional lexical
candidates could be either: (1) Intra-lingual lexical candidates, due
to inefficient phonological processing or a phonemic confusion in
L2; or (2) Inter-lingual lexical candidates, due to concurrent acti-
vation of words in both L1 and L2 (FitzPatrick and Indefrey, 2009;
Spivey and Martin, 1999; Chambers and Cooke, 2009). In other
words, thosewho are competent in more than a single language are
likely to experience much greater competition because of simul-
taneous activation across the languages. For example, Hebrew does
not distinguish between short and long vowels as English does.
Thus, native-Hebrew listeners might activate words starting with/
mee/as well as/mi/while listening to the English word/mint/un-
folds. In addition, the initial sounds in the word/mint/may activate
lexical candidates in Hebrew as well (e.g.,/mi.ta/, bed in Hebrew). In
the case described, the listener will be forced to face a larger
competition for the activation of the target word spoken in his/her
L2, than a native-English listener will face. Hence, L2 listeners are
likely to experience additional cross-language interference due to
the activation of lexical processes in more than a single language
(e.g., Weber and Cutler, 2004).

In summary, L2 listeners face difficulties with lexical access and
competition, have smaller vocabulary size (Portocarrero et al.,
2007) and poorer phonemic discrimination in L2 (Bialystok and
Luk, 2012). The lesser L2 experience and the greater competition
are possible sources for the more preferable signal-to-noise-ratios
(SNRs) that L2 listeners require in order to successfully recognize
speech in noise (Ezzatian et al., 2010). Indeed, it has been found that
L2 listeners achieve lower scores than native listeners on a number
of speech recognition measures (Bradlow and Bent, 2002; Bradlow
and Pisoni, 1999; Cooke et al., 2008; Mayo et al., 1997; Meador et al.,
2000; Rogers and Lopez, 2008; Ezzatian et al., 2010). L2 listeners
also tend to be slower than L1 listeners, even at the level of iden-
tifying single words in L2 (e.g., Scarborough et al., 1984; FitzPatrick
and Indefrey, 2009), as well as less confident (Schulpen et al., 2003).
All of these factors are likely to increase the signal-to-noise ratio
(SNR) required to recognize and comprehend words. We may
conclude that, in the case of L2 listeners, it is reasonable to assume
that the difficulties they experience in L2 environments are due to
the fact their L2 lexical processes may not be as completely
instantiated and differentiated from the lexical processes that are
usually invoked when listening in their L1 (Kroll and Steward,
1994).
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1.2. The current study

The main goal of the current study is to examine how linguistic
experience might modulate the benefit from a delay between the
onset of the maskers and the onset of the target speech. This will
provide an estimate for the extent to which young L2 listeners use
this cue to better distinguish the target speech stream from a noise
or a babble masker stream. Two groups of EL2 (English as second
language) listeners were tested: EL2 longterm residents of Canada,
who arrived in Canada between the ages of 7 and 14; and EL2
recent resident, who arrived in Canada after age 14. We used the
same paradigm and stimuli as employed in Ben-David et al. (2012).
Namely, listeners were asked to repeat spoken words presented
over headphones. There were five different delays (100, 225, 350,
600 and 1100 ms) between masker onset and target speech onset
and two types of maskers: 12-talker babble and a speech-spectrum
noise.

The performance of the EL2 adults, tested in the current study,
was compared to that for young EL1s in our previous study. Note
that although these young EL2s are highly likely to differ from
young EL1 listeners on linguistic abilities, they are not likely to
differ with respect to basic auditory abilities. If the ability to use the
word-onset delay cue to segregate speech from a masker is based
mainly on sensory processing, one might expect that young EL2s
will be as adept at forming auditory objects for babble and noise
maskers as the young EL1s. However, to the extent that the ability
to segregate the target words from the competing background in-
volves central linguistic and/or cognitive level processes, EL2 lis-
teners may not reap the same benefit fromword onset delays as EL1
listeners.

2. Materials and methods

2.1. Participants

Sixty young adults (age range 17e25 years old), undergraduates
at the University of Toronto Mississauga, participated in the study
and received either course credit or were paid $10/h for their
participation. All participants were asked to answer detailed
questionnaires regarding their linguistic background before the
experimental session began. These questionnaires included self-
reports on linguistic background (e.g., age of acquisition of each
language, languages spoken by parents at home, languages used at
school), proficiency in each language and daily language use (e.g.,
language use when communicating with friends, at work, and
when consumingmedia). Only EL2 participants whowere born and
raised in a language other than English, and did not attend an En-
glish or an American school before relocating to an English-
speaking country were recruited. Following Ezzatian et al. (2010),
participants were divided into two groups: A) 30 EL2-longterm
participants who arrived in Canada from a non-English speaking
country between the ages 7e14 years old (M ¼ 9.2, SD ¼ 3.4), at
which point they were educated in English and judged themselves
to be fluent in English; and B) 30 EL2-recent participants who were
raised in a non-English speaking country for at least 15 years
(M ¼ 17.8, SD ¼ 2.1) before immigrating to an English speaking
country. Members of both groups had received some level of in-
struction in English as a foreign language in their native country.
These participants came from various linguistic backgrounds: 28
Chinese (Mandarin or Cantonese), 8 Korean, 4 Spanish, 3 Farsi, 2
Russian and one person speaking each of the following languages:
Sinhalese, Tagalog, Thai, Punjabi, Turkish, Hindi, Armenian, Viet-
namese, Indonesian, Albanian, Italian, Ukrainian, Lithuanian, Dutch
and Tamil. All of the EL1 listeners, taken from the previous study
(Ben-David et al., 2012), were raised in an English speaking country,
learned English as their first and primary language, and reported
that they use English as their only language for communicating
with friends and at work. Twenty of the 30 young EL1s reported
that they have some knowledge of another language, yet only two
of them reported to be fluent speakers of a language other than
English.

All participants in the current study completed the abbreviated
version of the Mill Hill vocabulary test (for a review of the test, see
Ben-David et al., 2015), and the vocabulary subtest of the Wechsler
Adult Intelligence Scale (WAIS, Wechsler, 1997). The EL2-longterm
group achieved significantly higher English vocabulary scores
than the EL2-recent group, as detailed in Table 1. Table 1 also in-
dicates that these groups did not vary in age or in the distribution of
gender. Both current groups did not vary in age from the young
adult EL1 group examined in our previous study (M ¼ 20 years,
SD ¼ 1.6; Ben-David et al., 2012).

As expected, Table 1 indicates that the Mill Hill vocabulary
scores are higher in young EL1 listeners compared with the two EL2
groups. A questionnaire was used to ensure all participants had
good health and no history of auditory pathologies. All participants
had pure-tone air-conduction thresholds within clinically normal
limits from 0.25- to 8-kHz in the better ear (�15 dB HL, four out of
the sixty participants had a threshold of 20 dB in a single fre-
quency). Hearing levels (for the better ear; left ear for 19, and 14 of
longterm and recent EL2s) are shown in Fig. 1 for both groups,
alongside hearing levels for young native speakers taken from Ben-
David et al. (2012). Note that thresholds differences between the
three young-adult groups were small (did not exceed 2.5 dB on any
of the tested frequencies) and no overall group effect was observed
(F < 1).

2.2. Stimuli, apparatus and procedure

Stimuli, apparatus and procedure replicated those used in Ben-
David et al. (2012). In short, we used 10 linguistically equated lists
of 52 bi-syllabic recorded spoken English words, matched on
average word duration. Spoken words were later presented on the
background of 4 s of either continuous stationary speech spectrum
noise or 12-talker babble. All of the 520 digital audio files of the
spoken words were equated with respect to root mean square
amplitude (for the average spectra of the target word stimuli,
babble and noise masker, see Fig. 6, p. 61, in Ben-David et al., 2012).

Participants were tested individually in a double-walled sound-
attenuating booth. Throughout the experiment, words were pre-
sented to the listener's better ear via headphones at a level that was
individually set to 50 dB above his/her 12-talker babble threshold,
as measured by an adaptive two-interval, two-alternative forced-
choice paradigm taken from Heinrich et al. (2008). Average
babble thresholds did not vary significantly between the EL2-recent
and EL2-longterm groups (averages of 16.2 and 16.5 dB SPL,
respectively; t(58) ¼ 0.33, ns).

The experimental session included ten blocks of 52 trials. The
word list assigned to a block and the order of the trials within a
block were randomized for each participant. In five of these blocks,
words were masked by babble, and in the other five by speech
spectrum noise. Noise and babble blocks were intermixed and
counterbalanced across participants. We also manipulated the
amount of time-delay between the onset of the masker and the
onset of the word. The target word was presented 100, 225, 350,
600 or 1100 ms after the masker onset. The order of the five word-
onset delays was counterbalanced across participants as well.

In each block, trials were presented in four different SNRs, 13
trials at each SNR. Two different sets of four equidistant SNRs for
babble and noise maskers were chosen: �23, �16, �9 and �2 dB
SNR for babble, and �10, �4, þ2 and þ8 dB SNR, for noise. In a pre-



Table 1
Average (and sd) demographics for all four groups: Vocabulary scores on the abbreviated Mill Hill (number of words recognized correctly out of 20), Wechsler Adult Intel-
ligence Scale (with a maximum score of 66), age in years and gender.

Current data Ben-David et al. (2012) Comparing groups

EL2-recent EL2-longterm EL1

Young Young Young Older

Mill Hill 8.4 (2.7) 11.2 (3.5) 12.8 (2.8) 15.1 (2.1) t(58) � 2.0, p � 0.05, for all 6 pairwise comparisons.
WAIS 25.2 (8.8) 36.6 (10.8) e e t(58) ¼ 4.48, p < 0.001
Age 20.6 (1.8) 19.8 (1.5) 20 (1.6) 72.3 (3.8) F(2, 87) ¼ 1.83, p ¼ 0.17, young groups.
Women 60% 66% 60% 66% Recent - longterm, c2 (1) ¼ 2.8, ns. For all four, c2 (3) ¼ 0.57, ns

Fig. 1. Mean audiometric pure-tone air-conduction thresholds (for the best ear) as a
function of frequency for data collected in the current study, alongside data collected
in Ben-David et al. (2012), for older adults (empty symbols) and young adults (filled
symbols), EL1 (circles), EL2-longterm (squares) and EL2-recent (triangles) listeners.
The vertical bars depict the standard errors of the means. Note the three groups of
young adults have highly similar audiograms.

Fig. 2. Average percent-correct word identification as a function of SNR in dB for EL1
listeners (top panel) and EL2-longterm listeners (middle panel), and EL2-recent (bot-
tom panel), for five different word-onset delays and two types of masker (noise vs.
babble). The top panel are data from Ben-David et al. (2012). The psychometric func-
tions for the different delays are associated with the different symbols identified in the
figure. The top functions represent the babble masker condition and the bottom
functions the noise masker condition.
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test with eight participants, representing both tested EL2 groups,
these SNR ranges were found to bracket the 50% correct word-
reception point (based on correct repetition). In total, participants
were presented with 520 spoken word stimuli. They were asked to
listen to each word and repeat it immediately, as best as they could.
Three practice trials were presented at the beginning of each block
of trials (using the same type of masker and word-onset delay
condition as the following block, with themost favorable SNR in the
respective range), but no feedback was provided in either practice
or experimental trials.

2.3. Data analysis

Data analysis again fully replicated that of the previous study.
Accuracy was coded by an experimenter listening to the partici-
pant's responses via headphones during the experimental session.
The participant's aural responses were digitally recorded. All the
trials for 53 participants (recordings for the other 7 participants
were corrupted) were later recoded by two different raters. Coding-
recoding agreement reached 98.3% on average, with the lowest
degree of agreement for an individual's recorded responses being
93.5%. In cases of disagreement, the words were scored from the
recorded utterances. The inter-rater agreement rate for the two
raters of recorded responses was also checked with a sample of 5
participants (taken from both experimental groups) and reached an
average of 98.9%.

These accuracy scores were used to construct psychometric
functions relating accuracy to SNR for each participant at each of
the five word-onset delays for the two different maskers (speech-
spectrum noise and babble). In turn, these psychometric functions
were used to determine the SNR corresponding to a word-
identification accuracy of 50% at each of the 10 conditions (5
delays� 2 types of maskers) for each of the groups.Wewere able to
accurately estimate 50% speech reception thresholds in all but one
instance. For one of the EL1 listeners at one of the delays, perfor-
mance did not exceed 50% accuracy at any of the SNRs. Hence the
data from this listener was not included in this analysis (for details,
see Ben-David et al., 2012). Similarly, the slopes of the psychometric
functions for each condition in each group were recorded and
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analyzed. Because the slope estimate for one of the longterm EL2
listeners at one of the delays exceeded 2, the data from this listener
was also removed. Hence there were 29 EL1, 29 longterm EL2, and
30 recent EL2 listeners included in the following analyses.

3. Results

The average accuracy for EL1 (top panel), EL2-longterm (middle
panel) and EL2-recent (bottom panel) for word identification
masked by babble or stationary speech spectrum noise is presented
in Fig. 2 for the five word-onset delays (100, 225, 350, 600 and
1100ms), as a function of dB SNR. As aforementioned, averageword
identification accuracies, for each word-onset delay, were fit by
logistic psychometric functions of the form.

y ¼ 1
1þ e�sðx�mÞ (1)
slope ¼ threshold at the shorter delay� threshold at the longer delay ðin dB SNRÞ
onset delay regionðin SecondsÞ (2)
where y is the probability of correctly identifying the target word, x
represents the SNR in dB, m determines the dB SNR level corre-
sponding to 50%-correct performance, and smarks the slope of the
fitted function at the 50% point. This figure indicates performance
improves with onset delay (psychometric functions are shifted to
the left as the delay increases) for all three groups of participants in
each of the two masker conditions. In addition, there is a tendency
for the slopes of the psychometric functions to be steeper for EL1
listeners than for EL2 listeners, and steeper for the noise masker
than for the babble masker.

To investigate changes in sensitivity across groups and delays,
individual psychometric functions (see Equation (1)) were fit to
each participant's data at each of the five word-onset delay con-
ditions for both masker types (5 delays � 2 masker types ¼ 10
psychometric functions for each participant). These individual 50%
word recognition thresholds, and their associated slopes, were used
to determine how word-onset delay, the type of masker, and the
degree of linguistic experience affected performance.

3.1. Word-recognition thresholds as a function of word-onset delay

Fig. 3 plots the average 50% thresholds calculated in these
Fig. 3. Thresholds (dB SNR values for 50% correct identification) as a function of word-ons
longterm (squares) and EL2-recent (triangles) listeners. The left panel presents data from t
condition. The vertical bars depict the standard errors of the means. In the left panel, dat
y ¼ aþ be�cx , where b and c are the same for all groups, with the asymptote, a, varying acros
three groups subject to the same restrictions.
individual functions as a function of word-onset delay, for the noise
background (left panel) and for the babble background (right
panel). An examination of this figure suggests that performance
improves with onset delay for both types of maskers, with the rate
of improvement being most rapid at the shortest delays. Moreover,
within a masker condition, the rate of improvement as a function of
delay appears to be the same for all three participant groups. Fig. 3
also suggests that the rate of improvement is somewhat steeper
when the masker is noise than when it is babble. Finally, overall,
performance appears to be poorest (highest thresholds) for the
recent EL2 listeners, and best for the native listeners with the
longterm EL2 listeners falling between these two groups.

To confirm this description of how the rate of improvement
differs with onset delay, we divided the function into four different
regions: 100e225 ms delays, 225e350 ms delays, 350e600 ms
delays, and 600e1100 ms delays. We then computed, for each in-
dividual, and for each noise condition, the slope over each of these
onset delay regions. That is
These four slopes represent the rate of decay over the four re-
gions (100e225, 225e350, 350e600, and 600e1100 ms) for each
individual in the two types of maskers. A mixed-factorial ANOVA
was then conducted on these slopes with Group (EL1s, longterm
EL2s, and recent EL2s) as a between-subjects factor, and Onset
Delay Region (100e225, 225e350, 350e600, and 600e1100 ms),
and Masker Type (Noise versus Babble) as within-subject factors.
Both the main effect of Onset Delay Region (F[3, 258] ¼ 18.5,
p < 0.001, hp2 ¼ 0:177) and Masker Type (F[1, 86] ¼ 6.2, p ¼ 0.015,
hp

2 ¼ 0:067) were significant. Neither the main effect of Group,
nor any of the two or three-way interactions were statistically
significant at the 0.05 level.

The average slopes associated with the four onset-delay regions
were �9.6 dB/s, �0.3 dB/s, �1.6 dB/s, and �0.3 dB/s for the onset
regions of 100e225 ms, 225e350 ms, 350e600 ms, and
600e1100 ms, respectively. Post-hoc pairwise t-tests for slope dif-
ferences among these regions (Bonferroni corrected), indicated that
the slopes over the region 100e225 ms were significantly steeper
than were the slopes over the other three regions (all p
values < 0.001). None of the comparisons among the remaining
three regions approached significance (all p values > 0.5). This
et delay taken from the psychometric functions shown in Fig. 2 for EL1 (circles), EL2-
he noise masker condition and the right panel presents data from the babble masker
a points for all three groups were fit by an exponential decay functions of the type,
s the three groups. In Panel B, a different exponential decay function was fit to the same



Fig. 4. Average slopes across the different word onset delays, based on individual
psychometric functions for the three experimental groups, for the noise (black) and the
babble (gray) maskers. The vertical bars depict the standard errors of the means.

B.M. Ben-David et al. / Hearing Research 341 (2016) 9e1814
analysis supports the visual impression that there is a rapid
improvement in 50% detection thresholds over the 125e250 ms
region for all three groups and two masker conditions, with a
smaller improvement thereafter. The main effect of Masker Type
indicated that the slopes were significantly steeper for the noise
masker than for the babble masker. Finally, the lack of a Group
effect, or any two or three way interactions (between Group,
Masker Type, and Onset-Delay Region) is consistent with the
description that the rate of improvement in performance with
Onset Delay is the same for all three groups, but differs over Masker
Types.

Fig. 3 also shows that the asymptotic values of the functions are
highest for recent EL2s, and lowest for EL1s, with the longterm EL2s
falling between the other two groups. Because there was no sta-
tistically significant evidence of slope changes beyond a delay of
225 ms, we computed the average threshold of each individual in
each of the two noise conditions over the three delays corre-
sponding to 350, 600, and 1100 ms. A mixed-factorial ANOVA with
Masker Type (babble vs noise) as awithin-subject factor, and Group
(EL1s, longterm EL2s, recent EL2s) as a between-subjects factor
found a significant main effect of Masker Type (F[1, 86] ¼ 5581.0,
p < 0.001, hp

2 ¼ 0:985) and of Group (F[2, 86] ¼ 32.5, p < 0.001,
hp

2 ¼ 0:430) and a significant interaction of the two (F[2, 86] ¼ 4.0,
p ¼ 0.022, hp2 ¼ 0:085). On average, native listeners had the lowest
asymptotes, recent EL2s the highest asymptotes, with longterm
EL2s in the middle. Post-hoc Sidak test revealed that recent EL2s
had significantly higher asymptotic thresholds than either EL1s
(p < 0.001), or longterm EL2s (p < 0.001), and longterm EL2s have
higher thresholds than EL1s (p ¼ 0.006). The significant interaction
effect indicated that the differences in asymptotic thresholds
among the three groups were not the same for noise as they were
for babble.

The exponential decay functions fit to the data in Fig. 3 incor-
porate the results of these two ANOVAs (see the Appendix for a
description of the fitting procedure). Note, there was no statistical
evidence that the rate of decline in threshold values with increasing
onset delay differed among the three groups within a masker,
however, the threshold values were different across maskers. Thus,
the exponential functions fit to the three groups in the noise
masker were restricted to having the same rate of decline for all
three groups (same values of b and c, see Equation (3)), but were
allowed to have different asymptotic values. Similarly, the expo-
nential functions fit to the three groups in babble were required to
have the same rate of decline for all three groups, but this rate of
decline was allowed to differ from the rate of decline in a noise
masker. Finally, because of the significant interaction between
Group andMasker Type for asymptotic values, the asymptotes were
allowed to differ among the 3 Group � 2 Masker Types. Hence, the
exponential equations shown in Fig. 3 were:

y t½ �EL1;noise ¼ aEL1;noise þ bnoisee
�cnoiset

y t½ �longtermEL2;noise ¼ alongtermEL2;noise þ bnoisee
�cnoiset

y t½ �recentEL2;noise ¼ arecentEL2;noise þ bnoisee
�cnoiset

y t½ �EL1;babble ¼ aEL1;babble þ bbabblee
�cbabblet

y t½ �longtermEL2;babble ¼ alongtermEL2;babble þ bbabblee
�cbabblet

y t½ �recentEL2;babble ¼ arecentEL2;babble þ bbabblee
�cbabblet

(3)

where t is onset delay, and y[t] is the 50% SNR threshold at delay t.
See the Appendix for a fuller description of the data fitting pro-
cedures employed here.

Fig. 3 shows that this exponential decay model provides a good
fit to the data. It illustrates that the rate of decline in thresholds
with onset delay is more rapid when themasker is noise thanwhen
themasker is babble, with the decay rates in eachmasker condition
being the same for all three groups. Asymptotic levels are lower for
babble (�13.1, �15.2, and �16.5 dB SNR for recent EL2s, longterm
EL2s, and EL1s respectively) than for noise (�2.0, �3.5, and�4.5 dB
SNR for recent EL2s, longterm EL2s, and EL1s respectively) with the
extent of the group differences in asymptotic values being slightly
larger in babble than in noise.

3.2. Slopes of the psychometric functions

Fig. 2 suggests that the slopes of the psychometric functions
differ between the two masker types and are steeper for EL1s than
for the two EL2 groups. In addition, the difference in slopes be-
tween the noise and babble conditions appears to be somewhat
larger in the EL1s and longterm EL2s than in the recent EL2s. There
is also some indication that there might be a small change in slope
as a function of delay with the slopes being shallower at the
shortest delay. To determine whether these observations were
statistically significant, we conducted a mixed-factorial ANOVA
with Onset Delay (100, 225, 350, 600, and 1100 ms) and Masker
Type (babble vs noise) as within-subject factors, and Group (EL1,
longterm EL2, recent EL2) as a between-subjects factor. The main
effects of Masker Type (F[1, 85]¼ 220.4, p < 0.001, hp2 ¼ 0:722) and
Group (F[2, 85] ¼ 23.9, p < 0.001, hp

2 ¼ 0:360) were highly signif-
icant. The main effect of Onset Delay was also significant (F[4,
340] ¼ 3.3, p ¼ 0.012, hp

2 ¼ 0:037). The only significant interaction
to be found was between Group and Masker Type (F[2, 85] ¼ 4.44,
p ¼ 0.015, hp

2 ¼ 0:094). Fig. 4 shows that the reason for this
interaction effect is that the difference in slope between the noise
and babble maskers is larger for EL1s than it is for the EL2 groups.
When averaged across noise masker conditions, the slopes were
significantly steeper for the EL1s than for both EL2 groups
(p < 0.001 for both groups, Bonferroni corrected), but the difference
between the two EL2 groups was not (p > 0.25, Bonferroni cor-
rected). Finally, across Groups and Masker Types, the slope was
significantly shallower for an onset delay of 100 ms than it was for
the average of the four longer onset delays (p < 0.005).

4. General discussion

The current study assessed the contribution of linguistic status
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to the time course of stream segregation by varying the time-delay
between the onset of auditory masker (babble or noise) and the
onset of a spoken target word. We tested two groups of 30 young
(aged 17e25) EL2 listeners, longterm residents and recent arrivals
(arrived at the age of 7e14, and after 15, respectively). These data
were compared to that of young EL1 listeners taken from our pre-
vious study (Ben-David et al., 2012). The results of this comparison
show that the rate at which word recognition improvedwith word-
onset delay was unaffected by linguistic status. This was evident
both whenwords were presented in noise, and in babble. However,
the asymptotic values (50% spoken-word recognition), and the
slopes of the psychometric functions (how much benefit a listener
reaps from a more favorable dB SNR) were affected by linguistic
status.

4.1. Word recognition thresholds

As expected, young EL2 listeners required a significantly higher
SNR than their young EL1 counterparts to reach 50% correct
spoken-words recognition. This was evident both in babble and in
noise, irrespective of the word-onset delay. Similar findings have
been noted repeatedly in the literature, using a variety of tasks and
stimuli (e.g., Ezzatian et al., 2010; Avivi-Reich et al., 2014). This
advantage of L1 listeners over L2 listeners, even longterm residents
who have for all intents and purposes become fluent, is consistent
with the critical period hypothesis e the notion that phonological
encoding (Florentine, 1985; Mayo et al., 1997), and the acquisition
of the statistical properties of a language (Saffran et al., 1996) must
occur before a certain age.

In the current study, we found a gradient of performance, with
higher dB SNR for EL2-recent arrivals than for EL2-longterm resi-
dents (by 2.13 dB for babble and 1.54 dB for noise). In turn, we
found higher dB SNR for EL2-longterm residents than for EL1 lis-
teners (by 1.28 dB for babble and 0.91 dB for noise). This improved
performance for EL2-longterm residents over EL2-recent residents
has also been previously documented (Ezzatian et al., 2010). There
are several possible reasonswhich could account for this difference.
Mainly, an improved ability to pre-attentively process the spectral
cues of L2 due to training (Ylinen et al., 2010) and a greater famil-
iarity and more extensive experience with the L2 lexicon.

Examining the rate at which spoken word recognition thresh-
olds improved with word-onset delay presented a different picture
e it appeared to increase independently of linguistic status and
experience. Specifically, the same exponential decay function was
found to govern the segregation of the target speech from the
masker for all three groups (EL1, EL2-recent, EL2-longterm). These
results are consistent with the hypothesis that the rapidity with
which young listeners are able to form either a noise or babble
object that can be distinguished from the speech target, is inde-
pendent of their linguistic status.

To place our results in a broader theoretical framework, we
examine Bregman's stream segregation models (1990), which
distinguished between primitive and schema-based mechanisms.
The primitive mechanism is a bottom-up, pre-attentive, sensory
partitioning mechanism in the auditory system, which uses basic
cues present in the stimulus. The schema-based one is a top-down,
selection mechanism, which uses acquired knowledge about the
sound to process and organize the incoming sensory input. The
current findings may imply that this primitive mechanism plays a
large role in stream segregation in the tested paradigm. As lin-
guistic experience had no significant effect on the rate of
improvement with word-onset delay, this suggests that more
central cognitive mechanisms (which might be affected by lin-
guistic experience) play, at best, a minor role with respect to how
rapidly stream segregation is achieved.
4.2. Slopes of the psychometric functions

The slopes of the psychometric functions that relate percent-
correct spoken word recognition to SNR reveal a difference be-
tween EL1s and EL2s, which was not reflected in the thresholds'
decay rate. EL1s had steeper slopes than EL2s (recent and long-
term). The steeper slope values imply that EL1 listeners' spoken
word recognition improved to a greater extent as the SNR values
increased than those of EL2 listeners, irrespective of masker type.
That is, EL1 listeners reaped a greater gain from increasingly more
favorable SNRs under all masker types compared to that reaped by
EL2s. This native-listener advantage in slope was also found in
previous studies with noise maskers (van Wijngaarden et al., 2002;
Bradlow and Bent, 2002; Ezzatian et al., 2010), as well as with
babble maskers (Mayo et al., 1997).

How can this effect of linguistic status on the psychometric
slopes be explained? The increase in dB SNR might boost the
number of phonemes correctly heard in a word, irrespective of
linguistic status. But it will likely reduce lexical competition to a
greater extent in L1 than in L2 listeners, because phonemes in the
L1 are likely represented more accurately than in L2 (Florentine,
1985; Mayo et al., 1997). Note that there is some evidence to
show that phonemes activate word alternatives even at the end of
theword (Sommers and Amano,1998; Allopenna et al., 1998; Hadar
et al., 2016), as supported by continuous activation models (e.g.,
TRACE model McClelland and Elman, 1986). Thus, the additional
phonemes heard in L2 (due to the increase in dB SNR) may activate
alternatives in both L1 and L2, whereas additional phonemes heard
in L1 are more likely to activate alternatives in L1 only.

The current study also found an interaction between the lin-
guistic status and the type of masker with respect to slopes. Spe-
cifically, the advantage in slope for noise over babble was
significantly larger for EL1s than for EL2s. This may indicate that
decreasing the resemblance between the target and the masker
(moving from babble to noise masker) creates a larger release from
masking for EL1 listeners, as the dB SNR became more favorable.
Thus, EL1 listeners do not only need a smaller dB SNR in order to
identify the target, they also benefit more from an increase in the
dB SNR and from a reduction of the similarity of the background to
the target. However, this EL1 advantage in slope may be limited to
these types of maskers. Ezzatian et al. (2010) found that the slope
difference between EL1s and EL2s disappeared when listeners were
asked to repeat nonsense sentences masked by two other talkers.
Hence, the native-listener advantage in slope, as evidenced in our
study, might be lost when the informational content of the masker
is very closely related to the target speech, and the task is more
complex (repeating sentences rather than individual words).

4.3. Stream segregation across the lifespan

Comparing the results obtained with EL1 and EL2 young adults
with those obtained by older adults in our previous study (Ben-
David et al., 2012) provides some intuitions on the nature of
stream segregation in aging in different listening environments.
Namely, with a noise masker, the benefit listeners can gain from a
word-onset delay seems to be independent of linguistic status and
age. Older EL1 listeners (mean age 71 years) benefitted from the
early onset of a noisemasker at the same rate as young EL1 listeners
(Ben-David et al., 2012). For a babble masker, however, there ap-
pears to be an age-related effect. Young adults, irrespective of lin-
guistic status, appear to benefit from a word-onset delay; however,
older adults were not able to benefit at all from delays up to 1.1 s in
length.

In general, the ability to separate a target stream from the
acoustic background depends on a number of bottom-up acoustic
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cues that differentiate the target from the background. Stream
segregation is also facilitated when the listener has prior knowl-
edge as to the location, acoustic characteristics, or content of the
target speech (top-down; Sohoglu et al., 2012; Sohoglu et al., 2013).
Therefore, age-related difficulties in stream segregation could arise
because of age-related changes in the auditory system, and/or from
a failure to make effective use of top-down knowledge to help
isolate the target stream from the background. When the acoustic
cues differentiating the two streams are bountiful (e.g., target
speech in a steady-state noise background), we would expect age-
related changes in basic auditory processes to have less of an
impact on the time course of stream segregation, than when there
are fewer acoustic cues that differentiate the target stream from the
acoustic background (e.g., target speech in a babble background).
The results reported here, appear to support a sensory source e an
age-related decline in basic auditory processes that have a more
profound effect on stream segregation the greater the similarity
between target and masker. When the target is speech and the
background is noise, stream segregation appears to be equally rapid
in older and young adults, independent of linguistic status. How-
ever, when the background is babble, which is more similar to the
speech signal than is steady-state noise, stream segregation ap-
pears to take longer in older adults than it does in both EL1 and EL2
young adults.

The current study implies that bottom-up sensory mechanisms
play a large role in stream segregation in the tested paradigm (as
linguistic experience was not found to have a significant effect on
the rate of stream segregation). Our previous study shows that
sensory similarity between the target and the background (i.e.,
speech and babble) impeded stream segregation for older but not
for young adults. Taken together, the results of the two studies can
be taken as supporting the sensory degradation hypothesis. This
hypothesis argues that age-related changes at different levels of the
auditory system (see Schneider,1997; Schneider and Pichora-Fuller,
2000 for reviews) degrade the emergence and representation of
auditory objects. This, in turn, impedes the rapid and efficient
operation of more central linguistic and cognitive functions that are
necessary for speech recognition and comprehension. The notion
that changes in perception in older adults may cause changes in
cognition has been supported by a number of studies, which found
that perceptual and cognitive processes tend to be highly correlated
in older adults (Lindenberger and Baltes, 1994; Baltes and
Lindenberger, 1997). Moreover, several studies indicate that age-
related cognitive differences could be minimized, if not elimi-
nated, by equating for the perceptual differences (Humes and
Christopherson, 1991; Schneider et al., 2000; Murphy et al., 2006;
Avivi-Reich et al., 2014; Ben-David et al., 2011; for an equivalent
example in vision, see Ben-David and Schneider, 2009, 2010;
Rabaglia and Schneider, 2016). The current data could be seen as
an additional example of how age-related changes in basic auditory
processes could have secondary effects on more complex abilities,
such as scene analysis.

In sum, both older L1 listeners and young L2 listeners will find it
more difficult to recognize and comprehend speech in noisy envi-
ronments than do their young L1 counterparts, but probably for
different reasons. Age-related losses in basic auditory abilities are
most likely to be the cause of higher thresholds in older adults,
whereas insufficient or incomplete lexical development and
knowledge seems to be responsible for the higher thresholds in
young L2 listeners.

5. Conclusions

Young EL2 adults do not seem to find it more difficult to rapidly
segregate a speech target from either a noise or babble background
than do young EL1s. However, EL2s were found to have higher word
recognition SNR thresholds and lower slopes (the gain reaped from
increasingly favorable SNRs) compared with EL1s, implying that
lexical access, but not the time course of stream segregation, de-
pends on the linguistic status of the listener. In other words, stream
segregation appears to be rapid in young adults and independent of
their linguistic status. Within EL2 listeners, we found that the
extent of linguistic experience (recent vs. longterm residents) af-
fects speech reception thresholds, but not the time course of stream
segregation. Comparing our current study with a previous one
(Ben-David et al., 2012), suggests that older EL1 listeners are able to
use the delay of the target from a noise masker in a similar fashion
as EL1 and EL2 young adults. However, when the masker was
babble, they did not gain from a 1.1 s delay. Finally, the appropriate
remedy for all groups (young and older, EL1s and EL2s) is to reduce
background maskers, and enhance the cues (e.g., clear speech,
visible speech cues, context, spatial separation of talkers, Schneider
et al., 2010) that will better differentiate the signal from the
background.
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Appendix

Exponential decay functions were used in Fig. 3 to describe how
the 50% thresholds for word recognition declined as a function of
the delay between masker and word onset. In fitting these func-
tions to the data we assumed that the rate of decay differed be-
tween the two types of maskers (noise vs babble), but was the same
for each of the three groups within a masker condition. Each point
on this graph represents the mean of the thresholds of the 29, 30,
and 30 individual thresholds at that combination of delay and
masker type for the EL1s, EL2-Longterm, and EL2-Recent partici-
pants, respectively. The exponential decay functions shown in this
graph are based on the least squares estimates of the parameter
values that minimized the sum of squared deviations of the 445
threshold values in each of the two panels from the fitted function.

The exponential decay functions shown in Fig. 3 were fit to all of
the threshold values obtained from each of individuals in this
experiment rather than fitting exponential decay functions to each
individual and then averaging the individual exponential functions
for the following reasons. First, the rate of decay of an exponential
function is a joint function of two parameters (b and c). If two sets of
data are to have the same rate of decay it must be the case that
b1 ¼ b2, and c1 ¼ c2 in Equation (3). Hence an analysis based on the
individual determined c values which shows that the c1;i co-
efficients do not differ significantly from the c2;i coefficients is not
necessarily consistent with the null hypothesis that rate of decay is
the same in both groups 1 and 2 for the n individuals in each group
ð1 � i � nÞ. Second, fitting a 3-paramenter exponential decay
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functions based on only five observations does not sufficiently
constrain the 3 parameters, especially when the rate of decay is
rather shallow. For instance, if threshold did not change with delay,
the best-fitting exponential decay function would be

yi ¼ yþ 0*e�c*t

Note that as b approaches 0, c becomes unconstrained and can
take on any value. Hence a small number of points cannot suffi-
ciently constrain c when the function relating thresholds to delays
is flattened. For these reasons we took a different approach to
support our hypothesis that the rate of decay is identical for the
three groups in the babble masker, and for the three groups in the
noise masker, with the rate of decay differing between the two
masker types. Specifically, we estimated the local rate of decay at
four points, by determining the slope of the line between adjacent
points on the graph relating thresholds to delay. The slope of the
line between a delay of 100 and 225 ms for a single individual is
given by the change in threshold between these two points divided
by the delay difference between these two points measured in
seconds (0.225e0.125 ¼ 0.125 s). Next we determined the slopes of
the lines between 225 and 350 ms, 350 ms and 600 ms, and 600
and 1100 ms in the same fashion. Hence four slopes were deter-
mined for an individual for each of the two types of maskers. These
four slopes then represent estimates of the local slope of the
exponential decay at 162.5, 287.5, 475, and 850 ms, respectively.
These individually determined slopes were then subjected to a 3
Group (EL1, EL2-longterm, EL2-recent) � 4 Local Slope Values � 2
Masker Types (noise vs babble) mixed-factorial ANOVAwith Group
as a Between-Subjects Factor, and Local Slope Values and Masker
Type as Within-Subject factors, the results of which are reported in
the text.
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