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Abstract
The acquisition of a second language (L2) may be challenging in adulthood, as the phonological
system of the native language (L1) can sometimes limit the perception of phonological contrasts in
L2. The present study aimed to (a) examine the influence of an L1 (Hebrew) that lacks a phonemic
contrast for vowel length on the ability to discriminate between short and long vowels in L2
(Arabic); and (b) assess the effect of a short training on the participants’ discrimination perfor-
mance. A total of 60 participants, 20 native Arabic speakers and 40 native Hebrew speakers, were
tested using the ABX procedure in two sessions that were 10 days apart. A single training session
was provided for half of the Hebrew speakers (n = 20) approximately 2–3 days after the first
(pretraining) testing session. The results indicated that the trained Hebrew participants’ discrimi-
nation levels (measured by accuracy and reaction times) were above chance level but were
nevertheless lower in comparison to the Arabic speakers. However, a short training session was
sufficient to yield a nativelike performance that generalized to untrained nonwords. These findings
support the theoretical models that predict a reserved ability to acquire new phonetic/phonological
cues in L2 and have important practical implications for the process of learning a new phonological
system in adulthood.
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INTRODUCTION

The ability to speak several languages is becoming ever more important in the modern
global community. In many cases, adults are required to learn a second language after
their native language has alreadymolded their phonetic/phonological perceptual abilities.
To acquire a new language (L2) in adulthood, one should learn to distinguish between
sounds that are phonemes, that is, differentiate between words in the new phonological
system. In many cases, there is some overlap between the phonological systems of the
native language (L1) and L2. Thus, the L2-learner is required to focus on the “new”
phonemic contrasts, adjusting their phonological representations according to the struc-
ture of the new phonological system. Research on the perception of nonnative contrasts
suggests that the phonological system of the native language affects the nonnative
perception of consonants (Escudero & Williams, 2011; Tyler et al., 2014). However,
L1 may affect one’s perception of nonnative vowel contrasts differently, as vowels have
different acoustic characteristics and less distinct categorical perception compared to
consonants (Fry et al., 1962; Kronrod et al., 2016). The existing research has largely
focused on native speakers of Romance (e.g., Italian) and German (e.g., English)
languages, usually with stimuli in Japanese, German, or Finnish, to explore the effect
of L1 on the discrimination of vowel length (e.g., Flege & Mackay, 2004; Hisagi et al.,
2010, 2015; Nenonen et al., 2005). Furthermore, only scarce data exists on the influence
of a short training on vowel discrimination in L2 (e.g., Wang &Munro, 1999). Thus, the
purpose of the present study was to examine native Hebrew speakers’ discrimination of
short and long vowel contrasts of spoken Arabic before and after a single training session.
Their vowel contrast discrimination was compared to that of native Arabic speakers.

THE INFLUENCE OF L1 ON THE DISCRIMINATION OF CONSONANTS IN L2

During the first months of their lives, infants are able to discriminate phonetic contrasts
regardless of whether these contrasts are phonemes or allophones in their native language
(e.g., Eimas et al., 1971; Lasky et al., 1975; Segal et al., 2016; Trehub, 1976). However,
toward the end of the first year of life, infants generally show reduced discrimination for
many nonnative contrasts (see Werker & Tees, 1999 for a review). Studies have demon-
strated that English-learning infants aged between 6 and 8 months were able to discrim-
inate nonnative contrasts in Hindi, Salish (Thompson/Nthlakampx), and Spanish,
whereas English adults could not discriminate the same nonnative contrasts. In addition,
10- to 12-month-old English infants already exhibited a decline in their perception
compared to younger infants (Eilers et al., 1982; Werker et al., 1981; Werker & Lalonde,
1988; Werker & Tees, 1983, 1984). Similarly, 6–8-month-old Japanese-learning infants
could discriminate the English /r/ and /l/ contrast, whereas Japanese adults could not.
Furthermore, Japanese-learning infants showed a decline in discrimination toward the end
of their first year of life (Kuhl et al., 2006; Tsushima et al., 1994).
However, individuals do not lose their ability to discriminate all nonnative contrasts as

they age. For example, it has been demonstrated that English adult listeners can discrim-
inate between Zulu clicks despite a lack of experience with such clicks (e.g., Best et al.,
1988). Moreover, there is evidence that there is a variation in discrimination performance
for different nonnative contrasts (e.g., Best et al., 2001; Tsao et al., 2006). For example,
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adult English speakers were able to discriminate Zulu lateral fricatives (voiceless
vs. voiced /ɬ/-/ɮ/) better than Zulu velar stops (voiceless aspirated vs. glottalized /kh/-/
k0/), and the latter were discriminated better than bilabial stops (plosive vs. implosive
voiced bilabial stops /b/-/ɓ/) (Best et al., 2001).

The perceptual assimilation model (PAM) explains the variability in the discrimination
of nonnative contrasts, especially consonants. According to the PAM, a decline in the
discrimination of a particular nonnative contrast with age depends on whether or not the
contrast is perceived as speech (Best et al., 1988, Best et al., 1995), whether it is perceived
as similar to one or two categories of speech sounds in the native language (Best et al.,
2001), and to what extent each of the two members of the contrast resemble the prototype
of the native category (i.e., the level of “category goodness”) (Best et al., 1995). If the
members of the nonnative contrast do not resemble any phonological native category or
are not heard as speech, then the contrast is nonassailable and can be discriminated
accurately even in adulthood. This is exemplified by native English speakers being able to
discriminate Zulu clicks (Best et al., 1988). Similarly, when the two members of the
contrast are assimilated to two different native phonological categories, which is also
known as two-category assimilation, discrimination remains accurate. The discrimination
of Zulu lateral fricatives /ɬ/-/ɮ/ by English adult speakers is an example of this condition
(Best et al., 1988). However, discrimination is less accurate when both members of the
contrast are assimilated to the same phonological category, which is referred to as a single-
category (SC) assimilation. Two examples include the discrimination between Zulu
bilabial stops by English speakers /b/-/ɓ/) (Best et al., 1988) and the discrimination of
the English /r/ and /l/ contrast by Japanese adults (Kuhl et al., 2006; Tsushima et al., 1994).

Nevertheless, when there is assimilation to one category in the native language, there
might be differences in category-goodness between the two members of the contrast,
resulting in quite good discrimination. This is exemplified by the /kh/-/k0/ discrimination
by English adult speakers (Best et al., 2001). Other models, such as Flege’s speech
learning model (SLM; Flege, 1995; cf. Guion et al., 2000) and Kuhl’s Native Language
Magnet model (NLM; Grieser & Kuhl, 1989; Kuhl et al., 2008) also suggest that the
discrimination of nonnative contrasts is influenced by previous knowledge in L1. How-
ever, the SLM primarily addresses the production acquisition of L2, and both the NLM
and the SLM have no direct predictions about discrimination of nonnative contrasts.

While there has been a substantial amount of research conducted on the discrimination
of nonnative consonants (e.g., Best et al., 2001; Best et al., 1988, 1995; Kuhl et al., 2006;
Tsao et al., 2006), less is known about the discrimination of nonnative vowel contrasts
(e.g., Flege et al., 1997; Polka & Bohn, 1996; Polka &Werker, 1994). There is also little
research in regard to whether the discrimination of nonnative vowels follows the same
predictions suggested by the PAM (Best & Tyler, 2007; Guion et al., 2000; Levy &
Strange, 2008).

THE INFLUENCE OF L1 ON THE DISCRIMINATION OF VOWEL CONTRASTS

Acoustically, vowels differ from themajority of consonants. Vowels have higher acoustic
intensity and usually longer duration compared to consonants. Vowels are primarily
distinguished from each other in the first three formant frequencies (Ladefoged, 2001).
The acoustic differences between vowels and consonants influence how they are
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perceived. Studies on classic categorical perception suggest that labeling functions are
less steep for vowels than for consonants. Thus, the boundaries between categories may
be less sharp and the within-category discrimination may be better compared to conso-
nants (Altman et al., 2014; Fry et al., 1962; Kronrod et al. 2016). These different acoustic
characteristics may raise some concerns in regard to how applicable the PAM is for
understanding perceptions of nonnative vowel contrasts.
Several studies have reported the influence of the native language on the discrimination

of nonnative vowel contrasts to emerge earlier in development compared to the influence
of the native language on consonants (e.g., Kuhl et al., 1992). For example, English-
learning infants showed a decline in discrimination for several nonnative vowel contrasts
before reaching 8 months old, including the Norwegian /y/-/ʉ/ (Best et al., 1997) and the
German /u-y/ and /U-Y/ (Polka & Werker, 1994). Additional research demonstrated that
monolingual Spanish infants were no longer able to discriminate the Catalan-specific
vowel contrast /e/ versus /E/ between 4 and 8 months of age (Bosch & Sebastián-Gallés,
2003).
The majority of studies on adults’ nonnative vowel perceptions assessed how an

individual discriminates between vowels by comparing their F1/F2 ratios. Such research
has indicated that adults’ discrimination performance does follow the PAM’s suggested
assimilation pattern. Specifically, the existing research has found evidence that when two
members of a vowel contrast are assimilated based on F1/F2 values to two different native
categories, the discrimination will be better than if they had been assimilated to an SC in
the native language. There is evidence in support of this finding for English vowel
contrasts discriminated by Italian speakers (Flege & Mackay, 2004), for Danish vowels
discriminated by Australian English speakers (Faris et al., 2018), for French vowel
contrasts discriminated by English speakers (Levy, 2009; Levy & Strange, 2008), and
for Norwegian, Thai, and French vowel contrasts discriminated by American English
speakers (Tyler et al., 2014).
However, existing studies have provided conflicting evidence in situations when the

nonnative vowel contrasts were mainly based on duration. A number of studies have
suggested that listeners mainly identify/categorize vowels based on psychoacoustic
abilities, thus raising the possibility that nonnative speakers may efficiently perceive
the vowel length contrast regardless of their native phonetic/phonological categories (e.g.,
Bohn, 1995; Cebrian, 2006; Flege et al., 1997; García Lecumberri &Cenoz Inagui, 1997).
Researchers have used this notion to explain the findings that 18-month-old English
speakers can discriminate short and long vowels even though vowel length is not
phonemically contrastive in English (Mugitani et al., 2009). Altmann et al. (2012) also
found support for this notion by demonstrating that Italian listeners with no knowledge of
German were able to discriminate German vowel length contrasts in a same-different
(AX) task as accurately as native listeners.
Other studies, however, have provided evidence in favor of the native language’s

influence on the discrimination of vowel length contrast, which supports the PAM-
suggested two-category (e.g., McAllister et al., 2002) and SC assimilation patterns
(e.g., Nenonen et al., 2005; Tsukada et al., 2014). In one study, Estonian, Spanish, and
American English speakers who had lived in Sweden for at least 10 years were presented
with Swedish vowel contrasts that differed in duration. The subjects were asked to listen
to real and nonsense words, and their task was to decide if the production of the “word”
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was a correct or an incorrect production of the real word. The participants’ discrimination
performances were in accordance with the duration cues in their L1s. However, the
Estonian speakers performed similarly to the control group, which can be explained by
their L1’s contrastive vowel length (as predicted by the two-category assimilation of the
PAM) (Best et al., 1995; McAllister et al., 2002). Tsukada’s (2011) study also provided
evidence in support of the two-category assimilation. In this study, Arabic and Japanese
listeners (whose native languages include duration categories for vowels) were more
accurate in discriminating vowel length contrasts than Persian listeners (whose native
language does not include length categories) (Tsukada, 2011).

A number of studies have found that L1 has a negative influence on the discrimination
of vowel length, supporting the SC assimilation suggested by the PAM (e.g., Best et al.,
1995). In one study, native adult speakers of Thai, Italian, and American English with
minimal experience with Japanese performed better than random chance but did not
perform as well as the Japanese speakers. However, native speakers of Thai, Italian, and
English have some previous experience with the perception of duration changes in
vowels. English includes tense and lax vowels that differ in duration (Leung et al.,
2016), Italian includes duration changes in stressed vowels (D’Imperio & Rosenthall,
1999), and Thai includes different phonemic categories for vowel length. This may
explain the previously mentioned chance performance with Japanese vowels. The per-
formance of the Thai, Italian, and English speakers was nevertheless poorer than that of
the Japanese native speakers, reflecting the influence of L1 on discrimination (Tsukada
et al., 2014). Evidence for the influence of the native language on the perception of
nonnative vowel contrasts was also found for Russian native listeners, as they had reduced
discrimination between long and short vowels in L2 (Finnish) when the vowels resembled
one phonemic category in Russian (Nenonen et al., 2005). This was found although
duration differences exist in Russian vowels in the context of lexical stress (Chrabaszcz
et al., 2014).

A series of electrophysiological and behavioral studies support not only SC assimila-
tion but also discrimination based on category goodness. In these studies, American
English speakers discriminated the Japanese contrast (e.g., tado vs. taado) well above
chance but performed poorly in comparison to Japanese listeners (Hisagi et al., 2010,
2015; Hisagi et al., 2014). These findings suggest that nonsimilar vowel exemplars of the
same L1 category can be discriminated based on differences in their similarity to the
common exemplar of the category, supporting a within category discrimination (Hisagi
et al., 2010, 2015)

TRAINING OF NONNATIVE VOWEL CONTRASTS

According to theAutomatic Selective Perception (ASP)model, speech processing in L1 is
based on automatic selective perceptual routines that do not require special attention.
However, speech processing of nonnative contrasts may require the allocation of atten-
tional resources (e.g., Strange & Shafer, 2008). In this context, one interesting question is
whether and how a native language’s influence on vowel discrimination can be changed
through an auditory training that promotes attention to specific speech contrasts (e.g.,
Kabakoff et al., 2020). Studies that assessed the influence of training on L2 learners’
perception of speech contrasts were conducted mainly with consonants. Evidence
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suggests that intensive training using consonants with allophonic variation significantly
improved L2 learners’ perceptions and generalization of nonnative consonants (e.g.,
Bradlow & Bent, 2008; Hazan et al., 2005; Iverson et al., 2005; Jamieson & Morosan,
1986; Pruitt et al., 2006; Wang et al., 1999).
A few studies have also shown that intensive training can improve the perception of

nonnative vowel contrasts (e.g., Kabakoff et al., 2020; Lengeris & Hazan, 2010; Rato,
2014), including length (e.g., a generalization of American English vowels that differ in
length by both native Japanese and Korean speakers; Nishi & Kewley-Port, 2007, 2008).
To the best of our knowledge, there is only one existing study that has examined the effect
of a short training on the perception of duration contrast (Wang & Munro, 1999). This
study showed that it is possible for Japanese listeners to correctly identify 95% of English
vowels that differed in duration after a single training session. It was not clear, however,
whether this improvement resulted in a lasting change in perception or whether a short
training may similarly facilitate vowel length discrimination in languages with different
phonological system such as Semitic languages.

THE PRESENT STUDY

The existing data onL1’s influence on the perception of vowel length and its susceptibility
to a short training is limited and inconsistent, which motivated us to explore how Hebrew
(as a native language) influences the discrimination of long versus short vowels in spoken
Arabic. In Arabic, the duration differences between vowels are phonemic, whereas
duration in Hebrew does not distinguish between vowels (or consonants) and has no
phonemic value (Amir et al., 2014). There are only five vowels inHebrew (/a, i, e o u/) that
lack a phonemic distinction between short and long vowels. The duration of vowels can
vary between 70 and 100milliseconds depending onwhether or not the syllable is stressed
and whether the vowel is in a bisyllable or one-syllable word (Most et al., 2000; Silber-
Varod et al., 2016). In contrast, the Arabic dialect spoken in the rural parts of central Israel
(also known as the “Triangular” [Muthallath] region) includes 10 vowels, that is, the short
and long vowels (/a, e, i, o, u/) (Amir et al., 2014). The Arabic short and long vowels have
durations of 58–74 milliseconds and 114–136 milliseconds, respectively (Amir et al.,
2014). Thus, the duration of Arabic vowels is shorter or longer in comparison to the
duration of Hebrew’s prototypical vowels. Although long and short Arabic vowels may
assimilate to one phonemic vowel category in Hebrew, because their duration is not
similar to that of the prototypical Hebrew vowels, within category discrimination may be
possible based on acoustic representations (Best et al., 2001; Hisagi et al., 2010, 2015;
Hisagi et al., 2014).
In this context, the present study’s purpose was twofold: (a) to assess the effect of a

native language (Hebrew) that has no phonemic duration contrast on the ability to
discriminate between long and short vowels in a nonnative (L2) language (Arabic); and
(b) to assess the influence of a short training on one’s ability to improve their discrim-
ination of nonnative vowel length. We assumed that the Hebrew speakers, for whom the
long and short vowels assimilate to one phonemic category would show reduced perfor-
mance in discrimination of vowel length compared to the Arabic speakers, for whom the
two vowels represent two phonemic categories. We also assumed, however, that their
performance would be above chance because they are exposed to duration differences in
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Hebrew, between stressed and weak vowels, and in English, which they learn as a second
language at school. We further hypothesized that the short training provided will induce
fast improvements in the accuracy and speed of discrimination. Specifically, we assumed
that the adult participants would learn to leverage the acoustical duration differences that
exist in Hebrew in the context of stress differences to improve their discrimination
between two vowels that differ in length, although they resemble one category in their
native language.

MATERIAL AND METHODS

PARTICIPANTS

Sixty young adults (all female, aged 20–35 years) participated in this study. The
participants were divided to three groups: (a) the “Hebrew training” group, which
included 20 native Hebrew speakers (M = 26.6 ± 2.96 years); (b) the “Hebrew control”
group, which comprised a separate set of 20 native Hebrew speakers
(M = 26.15 ± 2.37 years); and (c) the “Arabic control” group, which included 20 native
Arabic speakers (M = 23.8 ± 1.46 years). The Hebrew speakers had minimal exposure to
Arabic in elementary school; specifically, they studied Modern Standard Arabic for up to
2 years. However, they had no exposure to spoken Arabic. All participants were
undergraduate students at Tel Aviv University and had advanced knowledge in English
as a second language. All participants met the following prerequisite criteria: (a) pure tone
air-conduction thresholds ≤20 dB hearing level bilaterally at octave frequencies of 500–
4,000 Hz (ANSI 2004), (b) no history of language or learning disorders, (c) no known
attention deficit disorders, and (d) no previous experience in psychoacoustic testing. We
used a detailed, self-reporting questionnaire to collect the previously mentioned back-
ground information (criteria 2–4).

STIMULI

The stimuli consisted of 60 consonant–vowel–consonant (CVC) nonwords (Appendix).
We chose single syllable words because they are common inHebrew andArabic andwere
used in previous studies that assessed discrimination of vowel contrasts (e.g., Faris et al.,
2018; Flege & MacKay, 2004; McAllister et al., 2002; Nenonen et al., 2005; Tsukada,
2011; Tsukada et al., 2014; Tyler et al., 2014). In Arabic CVC words can have long or
short vowels. For example, /bir/ “charity” contrasts with /bi;r/ “well, fountain” (Tsukada,
2011). CVCVCwords were not used because in Arabic closed final syllables in bisyllabic
words tend to receive long vowels (Hayes, 1995; Watson, 2011), which might have
provided an additional cue for the Arabic speakers. In addition, in Arabic vowels tend to
be neutralized, that is, short, in open syllables (Thelwall & Sa’Adeddin, 1990) therefore
CVCV words were not used as well.

There were 30 nonwords that included short Arabic vowels [a/o], and 30 nonwords
with similar consonants included the long Arabic vowels [a:/o:] (e.g., [foj, fo:j]). The
consonants of the nonwords varied in terms of place and manner of articulation to avoid
possible influences on discrimination. Forty nonwords were used for training (“trained”
nonwords) and 20 were used to test the generalization of the learning-gains to new words
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(“generalization” nonwords). Two female native Arabic speakers who were native
speakers of the dialect spoken in the center of Israel (Muthallath dialect, in Arabic)
produced the stimuli (30 words each). The purpose of using two speakers was to exclude
the possibility that themanner in which vowels were uttered by a particular speaker would
influence the results. The speakers recorded the CVC nonwords within sentences to
maintain natural production. The stimuli were digitally recorded in a soundproof room by
means of a AT-892-THmicrophone using Sound-Forge software (version 7.0) and stereo
channels at a sampling rate of 44,100 Hz and 16-bit quantization level. The amplitudes
were normalized (�16dB RMS1) to prevent intensity differences between the nonwords.
The stimuli were delivered from an IBM-compatible personal computer, by means of a
GSI-61 audiometer and were presented binaurally using THD-50 headphones at a
comfortable level. We calculated several acoustic characteristics for each vowel using
the speech analyzing software PRAAT (Boersma & Weenink, 2018). These included
vowel length, fundamental frequency (F0), and first and second formant frequencies.
Table 1 displays the mean results of the acoustic characteristics (separated by vowel

and speaker). A General LinearModel analysis was conducted with Vowel Length (short,
long), Vowel ((/a/, /o/), and Speaker (speaker 1, speaker 2) as the between-subject factors
and F0, F1, F2, and duration as the dependent variables. The multivariate analysis
indicated that Vowel Length had a significant effect on duration (F[1,223] = 360.24
p < 0.001, ƞ² = 0.63), F0 (F[1,223] = 88.61 p < 0.001, ƞ² = 0.29), and F2 (F[1,223] = 6.54
p = 0.011, ƞ² = 0.03). Further, there were significant Vowel Length �X Vowel interac-
tions for F0 (F[1,223] = 8.49 p = 0.004, ƞ² = 0.04) and F1 (F[1,223] = 4.51 p = 0.035,

TABLE 1. Acoustic characteristics of the long and short Arabic vowels produced by
two speakers.

Speakers
Vowels/acoustic
characteristics Short /o/ Long /o/ p value Short /a/ Long /a/ p value

Speaker 1 Mean duration (sec) 0.1
(0.01)

0.14
(0.02)

p < 0.001 0.1
(0.02)

0.14
(0.02)

p < 0.001

Mean F0 (Hz) 243.88
(7.08)

244.26
(6.03)

p = 0.844 246.9
(7.57)

237.62
(6.91)

p < 0.001

Mean F1 (Hz) 668.11
(84.17)

638.56
(76.71)

p = 0.248 815.69
(120.53)

851.26
(70.25)

p = 0.838

Mean F2 (Hz) 1,420.14
(129.60)

1,321.17
(109.39)

p = 0.039 1,643.29
(100.12)

1,606.4
(69.83)

p = 0.434

Speaker 2 Mean duration (sec) 0.1
(0.02)

0.15
(0.02)

p < 0.001 0.1
(0.02)

0.15
(0.03)

p < 0.001

Mean F0 (Hz) 235.14
(9.34)

222.68
(7.04)

p < 0.001 236.41
(5.64)

222.75
(5.03)

p < 0.001

Mean F1 (Hz) 721.12
(56.86)

665.45
(62.17)

p = 0.027 846.44
(61.42)

862.79
(43.07)

p = 0.507

Mean F2 (Hz) 1,510.36
(135.45)

1,351.04
(93.69)

p = 0.239 1,673.53
(97.05)

1625.05
(85.31)

p = 0.292

Note: Standard deviation is shown in parentheses. Sec = seconds, Hz =Hertz, F0 = pitch, F1 and F2 (inHz) = first
and second formants, respectively. The p values for the multiple pairwise comparisons between the long and
short vowel measures are also shown.
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ƞ² = 0.02). In addition, there was a significant Vowel Length � Speaker interaction for
duration (F[1,223] = 8.19 p = 0.005, ƞ² = 0.04) and F0 (F[1,223] = 21.41 p < 0.001,
ƞ² = 0.09), and the Vowel Length � Vowel � Speaker interaction for F0 was significant
(F[1,223] = 5.17 p = 0.024, ƞ² = 0.02). There were no other significant ( p < 0.05)
interactions with Vowel Length.

The pairwise comparisons for these interactions are also detailed in Table 1. The results
indicate that there is a consistent difference in duration between the short and long vowels,
as expected. Additional significant differences were found for the F0 and formant
frequencies, including the following: (a) higher F2 for the short vowel as compared to
the long vowel for the /o/ vowels produced by speaker 1, (b) higher F0, F1, and F2 for the
short vowel compared to the long vowel for the /o/ vowels produced by speaker 2, and
(c) higher F0 for the short vowel compared to the long vowel for the /a/ produced by both
speaker 1 and 2. Note that the duration differences for the vowels /o-o:/
(M = 47.88 milliseconds) and /a-a:/ (M = 50.30 milliseconds) are similar to the duration
differences reported by Amir et al. (2014) for the “Muthallath” (Triangular) Dialect
(M = 53milliseconds for /o/ and /o:/, respectively andM= 56milliseconds for /a/ and /a:/,
respectively).

PROCEDURE

Discrimination Testing

Four triplets were constructed for each nonword (60 nonwords� 4 triplets = 240 triplets;
see Appendix) using ABX—SuperLab 4.5 software. Each triplet was produced by a
single speaker and consisted of two identical nonwords and one nonword that differed
only in vowel length. The four triplets were the following: (a) short-long-long, (b) short-
long-short, (3) long-short-short, and (d) long-short-long. The interstimulus interval was
500 milliseconds. The participants were instructed to “decide whether the last non-word
in a triplet resembles the first or second non-word and to press ‘1’ or ‘2’ on the keyboard,
accordingly, as fast and accurately as possible.”We did not provide any feedback to the
participants.

STUDY DESIGN

TheHebrew training group participated in three sessions: pretraining testing, training, and
posttraining testing. There were approximately 2–3 days between the first and second
sessions and 1 week between the second and last sessions. The first (pretraining) and last
(posttraining) sessions were identical and included 60 nonwords, one triplet for each
nonword, which were presented in a random order. These sessions lasted approximately
10 minutes. The second (training) session included 40 of the 60 nonwords, with each
nonword presented four times. Thus, overall training consisted of 40 nonwords �
4 triplets = 160 triplets. The 40 nonwords that were used for training were termed
“trained” nonwords. The remaining 20 nonwords were termed “generalization” non-
words. The training session lasted approximately 20minutes (Figure 1). No feedback was
provided during training.
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The Hebrew and Arabic control groups participated in two sessions that were spaced
approximately 10 days apart. These sessions were identical to the training group’s pre-
and posttraining ones, with each including 60 nonwords, and lasted approximately
10 minutes. Note that the three groups of participants were tested with both the “trained”
and “generalization”words in the first and last sessions to confirm that the training effects
are demonstrated only in the trained group.
All participants provided us with informed consent. The study was approved by the

Institutional Review Board of Tel-Aviv University.

DATA ANALYSIS

We assessed the participants’ perceptions of vowel length using two variables: accuracy
of discrimination and reaction time (RT). We calculated accuracy of discrimination as the
percent of correct responses (percent correct), and we measured RTs by the interval
between the end of the third nonword and the onset of the button press (in milliseconds). It
was hypothesized that the native Hebrew speakers would show reduced performance
compared to the Arabic speakers in measures of correct responses and RT. Training was
hypothesized to improve accuracy and RTs, plausibly by improving vowel length
perception in the context of phonemic distinction. To compare performance across
groups, several 2 Session � 3 Group repeated measures analyses of variance
(ANOVAs) were conducted with Session (first, last) as the within-subject variable and
Group (Hebrew training, Hebrew control, Arabic control) as the between-subject vari-
able. Specifically, two ANOVAs were conducted for the trained nonwords (one for

FIGURE1. Study design. The study included three groups: a Hebrew training group, a Hebrew control, and an
Arabic control group. The Hebrew training group participated in three sessions: pre- and post-
training sessions that included 60 nonwords (40 “trained” and 20 “generalization”) each, and a
training session that included the 40 “trained” nonwords � 4 presentations each (i.e., overall
160 presentations). The Hebrew and Arabic control groups participated only in two sessions that
included 60 “nonwords” (40 “trained” and 20 “generalization”).
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percent correct and one for RT), and two ANOVAs were conducted for the generalization
nonwords (one for percent correct and one for RT). Before conducting the ANOVAs,
residuals of all the dependent measures were tested for normality using one-sample
Kolmogorov–Smirnov test. Seven of the eight tests failed to reach significance (all
p’s > 0.20), and one provided marginally significant result ( p = 0.038). This suggested
that overall, the data met the assumptions of the planned ANOVA tests. All the ANOVAs
included contrast analyses with Bonferroni corrections.

RESULTS

GROUP COMPARISONS

Accuracy data: Figure 2(a) suggests that, in the first session, the native Hebrew speakers’
discrimination scores in regard to vowel length were above chance level (>50%). A one-
sample t-test confirmed that the mean percent of correct responses (M= 67.30, SD = 8.03)
was found to be significantly higher than chance (50%) [t(39) = 13.63, p < 0.001].
Nevertheless, performance of the Hebrew speakers was lower in comparison to the native
Arabic speakers (M = 81.8 SD = 4.5). Following a single training session, however, the
trained group’s ability to discriminate (M = 81.3 SD = 1.4) improved to the level of native
Arabic speakers (M = 83.5 SD = 5.3). The data analysis of the percent correctly identified
confirm this observation, showing significant effects of Group (F[2,57] = 27.40 p < 0.001,
ƞ² = 0.49) and Session (F[1,57] = 66.52 p < 0.001, ƞ² = 0.54) and a significant Group �
Session interaction (F[2,57] = 28.44 p < 0.001, ƞ² = 0.5). The pairwise comparisons of this
interaction revealed that the Arabic control group performed better in the first session in
comparison to the two native Hebrew speakers’ groups ( p < 0.001), with no significant
difference between the two latter groups ( p > 0.99). In the last session, both the Arabic
control and theHebrew training groups had higher scores compared to theHebrew control
group ( p < 0.001), with no significant difference between the first two groups ( p = 0.856).
Additional pairwise comparisons revealed that only the Hebrew training group showed a

FIGURE 2. Mean (±1 standard error) performance of the native Arabic speakers (Arabic control), trained
native Hebrew speakers (Hebrew training), and controlled native Hebrew speakers (Hebrew
control) for the trained words (left-hand side) and the untrained words (right-hand side [gener-
alization]). Figure 2(a) displays the percent correctly identified and Figure 2(b) displays the
reaction times.
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significant improvement between the first and last (i.e., pre- and posttraining) sessions
( p < 0.001).
RT data: Figure 2(b) further suggests that both groups of Hebrew speakers had longer

RTs (M = 934.71 SD = 62.40, M = 796.78 SD = 50.35, for the trained and control groups,
respectively) compared to the native Arabic speakers (M= 649.90 SD = 211.53) in the first
session. TheRT data analysis indicated that Session had a significant effect (F[1,57] = 59.62
p < 0.001, ƞ² = 0.51), that Group did not have a significant effect (F[2,57] = 1.91 p = 0.16),
and that the Group � Session interaction was significant (F[2,57] = 14.67 p < 0.001,
ƞ² = 0.34). Pairwise comparisons revealed that, in the first session, the Arabic control group
had shorter RTs compared to the Hebrew training group (p = 0.001), and that there were no
significant differences between the Arabic and Hebrew control groups (p = 0.175) or
between the Hebrew training and control groups (p = 0.225). In the last session, there were
no significant differences across groups (p > 0.05).

INDIVIDUAL ANALYSIS

The individual-level analysis of the percent correctly identified (Figure 3) showed that
only two (of 40) native Hebrew speakers reached an “Arabic-like” performance (calcu-
lated as the native Arabic speakers’ mean performance ±1 SD) in the first session.
However, in the last session, 16 (of 20) native Hebrew speakers from the Hebrew training
group and three (of 20) from the Hebrew control group achieved an “Arabic-like”
performance. We conducted a Fisher exact test to compare the Hebrew training and

FIGURE 3. Individual-level performances of the Hebrew training and control groups in the first and last
testing sessions with the trained nonwords. The “Arabic-like” performance range (calculated as
theArabic control group’smean ± 1 standard deviation) is shown as dotted lines for the purpose of
comparison.
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control groups in regard to the group members who achieved this “Arabic-like” perfor-
mance in the last session. The results revealed a significant difference between the groups
(Fisher exact test: p < 0.001), further strengthening the training’s positive effect on an
individual’s performance with the trained words.

GENERALIZATION TO UNTRAINED NONWORDS

We identified a similar performance pattern for the trained and untrained nonwords for
both the percent correctly identified (Figure 2[a]) and RTs (Figure 2[b]), suggesting a
large generalization of the training-induced gains. Specifically, the data analysis for the
percent correctly identified showed that Group (F[2,57] = 14.08 p < 0.001, ƞ² = 0.33),
Session [F(1,57) = 17.32 p < 0.001, ƞ² = 2.33], and the Session � Group interaction (F
[2,57] = 7.4 p = 0.001, ƞ² = 0.21) all had significant effects. A pairwise comparison
revealed that the Arabic control group performed better in the first session in comparison
to the two native Hebrew speaker groups ( p < 0.001). In addition, there were no
significant differences between the latter groups ( p > 0.99). For the last session, both
the Arabic control group and the Hebrew training group showed better discrimination
compared to theHebrew control group ( p< 0.001), with no significant difference between
the first two groups ( p > 0.99). Additional pairwise comparisons revealed that only the
Hebrew training group displayed a significant improvement between the first and last
sessions ( p < 0.001),

In the analysis of the participants’RTs, Session had a significant effect (F[1,57] = 23.46
p < 0.001, ƞ² = 0.29), Group did not have a significant effect (F[2,57] = 2.29 p = 0.111]),
and the Group � Session interaction had a significant effect (F[2,57] = 5.63 p = 0.006,
ƞ² = 0.17). The pairwise analysis revealed that, in the first session, the Arabic control
group had shorter RTs than the Hebrew training group ( p = 0.023), but that there were no
significant differences between the Arabic and Hebrew control groups ( p = 0.360) or
between the two native Hebrew groups ( p = 0.723). In the last session, there were no
significant differences across the groups ( p > 0.99).

DISCUSSION

The present experiment produced two main findings. First, Hebrew speakers had reduced
discrimination performance of vowel length in comparison to the native Arabic speakers,
supporting the PAM prediction on the influence of the native phonetic categories on
discrimination of nonnative contrasts (Best et al., 1995). Second, a single training session
significantly improved the discrimination between nonnative vowel stimuli that belong to
the same duration category in L1, possibly because adult Hebrew speakers already have
experience in using duration differences of vowels for the perception of lexical stress.
Thus, it is possible that previous experience in perceiving durational suprasegmental cues
of lexical stress was adapted for phonemic discrimination of vowels.

The finding that the Hebrew speakers were slower and less accurate than the native
Arabic speakers in discriminating between short and long vowels in Arabic suggests that
listening experience in L1 alters the listener’s ability to discriminate vowel length in L2.
There are some disagreements in the literature concerning the influence of the native
language on discrimination of nonnative contrasts of vowel length (Hisagi et al., 2016;
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McAllister et al., 2002; Nenonen et al., 2005; Tsukada et al., 2014). While some studies
suggest that listeners can efficiently perceive the vowel length contrast regardless of their
native phonological categories (e.g., Altmann et al. 2012; Bohn, 1995; Cebrian, 2006;
Flege et al., 1997; García Lecumberri & Cenoz Inagui, 1997), others argue that the native
language has some influence on vowel length perception, (e.g., Hisagi et al., 2010, 2015;
McAllister et al., 2002; Tsukada et al., 2014; Nenonen et al., 2005), as is suggested by the
PAM (Best et al., 1995). The PAMpredicts reduced discrimination when twomembers of
a phonetic-phonemic contrast in a nonnative language are assimilated to one phonetic-
phonological category in the native language, that is, an SC assimilation (Best et al., 1995;
Kuhl et al., 2006). The finding of reduced discrimination for the Hebrew speakers
compared to the Arabic speakers in the current study therefore supports this prediction.
The Hebrew speakers have nevertheless demonstrated some ability to perceive the

vowel length contrast in Arabic, as was demonstrated by their above chance discrimina-
tion performance in the first session. This ability might be related to their previous
experience with duration differences of vowels in Hebrew that characterizes stressed
versusweak syllables (Silber-Varod et al., 2016). It can also be the result of their advanced
knowledge in English, a language with duration differences between the tense and lax
vowels (Leung et al., 2016).
It should be noted that the native Arabic speakers in the present study did not reach

maximum discrimination scores (M = 82%), despite the fact that vowel length is a robust
phonemic contrast in their native language. Furthermore, their mean score was lower than
reported in a previous study that examined native Arabic speakers’ perceptions of vowel
length (with mean correct identification higher than 94% for different vowels; Tsukada,
2011). This discrepancy can be explained by the fact that Tsukada (2011) tested discrim-
ination using real words, allowing the participants to rely on their lexical knowledge in
Arabic. In the present study, however, we chose to use nonwords to avoid lexical
knowledge as an intervening factor when comparing Arabic and Hebrew speakers, as
the latter have no lexical knowledge in Arabic.
As mentioned in the preceding text, the present study’s second main finding is that a

short training significantly improved the discrimination of vowel length in L2, as
evidenced by the trained Hebrew group’s increase in correct responses. These improve-
ments resulted in most participants achieving native-level performances by the end of
training. A significant training-induced gain in one’s ability to discriminate L2 vowel
contrasts is in agreement with the SLM (Flege, 1995, 2003). The SLM argues that the
ability to discriminate and categorize speech remains intact throughout life. Thus, even
adults can learn to perceive new contrasts in L2 and adjust the weight given to different
phonetic/acoustic cues if they have enough attentional resources and speech input (Flege
&MacKay, 2004). This explanation is also in line with the ASPmodel (Strange& Shafer,
2008). The ASP characterizes first-language speech processing in adults as reflecting
automatic selective perceptual routines for the detection and discrimination of language-
specific, phonologically relevant phonetic contrasts. However, nonnative listeners may
require attentional resources to facilitate the perception of novel contrasts (e.g., Hisagi
et al., 2010). Accordingly, whereas the Arabic speakers showed good performance for
contrasts in their native language, the Hebrew speakers needed training to improve
discrimination. Their improvement, however, does not necessarily mean that they
acquired automatic selective perceptual routines similarly to Arabic speakers.
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It was recently demonstrated that listening exposure to L2 alone might not be sufficient
for facilitating discrimination of vowel length contrasts by American English speakers
who are learning Japanese as an L2 (Hisagi et al., 2016). The authors suggested that
targeted training of L2 phonology may be necessary to allow for changes in one’s
processing of L2 speech contrasts at an early, automatic level (Hisagi et al., 2016). The
findings of the present study add to this line of research by showing that a short-targeted
training is efficient in enhancing attention and consequently changing discrimination of a
vowel length contrast. Furthermore, the fact that the participants displayed an improve-
ment in their discrimination of vowel length approximately seven days after the training
session suggests that the training-induced changes that consolidated into their long-term
memory (e.g., Hauptmann & Karni, 2002; Hauptmann et al., 2005; Molloy et al., 2012;
Roth et al., 2005). During consolidation, the neural representations of the trained contrast
may have been strengthened. Further studies with additional identification and categori-
zation tasks are advisable to support a profound and sustained change in selective
perceptual routines following training. Also, tasks that incorporate every-day listening
conditions, such as background noise, may serve as a test of whether the perception of
vowel length phonological contrast can become nativelike. In addition, comparing the
influence of training on vowels versus consonants (e.g., the vowel contrast /a-a:/ in
Hebrew speakers vs. the /b-p/ distinction in Arabic speakers) may help to shed light on
whether some contrasts are more difficult to acquire than others, broadening the impli-
cations of the current study.

It is important to note that the quick improvement of Hebrew speakers in discrimination
after one training sessionmight have also been related to the fact that duration contrast is a
salient psychoacoustic cue (Burnham, 1986) that serves as a suprasegmental cue for
lexical stress in Hebrew (Silber-Varod et al., 2016). Thus, one short training might have
been sufficient to emphasize this duration cue and make it a legitimate vowel contrast in
the context of CVC syllables for the Hebrew speakers. Further studies that explore native
speakers of stress (e.g., Hebrew) and nonstress languages (e.g., Chinese)may enhance our
understanding of whether suprasegmental duration cues in L1 support one’s ability to
learn vowel length contrasts in L2 (e.g., Arabic).

Along with the increase in correct responses following one training session, there was a
decrease in RTs for the trained Hebrew speakers. This faster discrimination performance
may suggest that the participants became more efficient in differentiating between vowel
lengths either during or after the training session. However, we observed a similar decrease
in RTs for the Hebrew control group who received no training between their two testing
sessions (and did not show significant improvements in accuracy). It is possible, therefore,
that the short exposure to the task that was provided to both Hebrew speaking groups in the
first testing session (60 nonwords) was enough to initiate tuning and adaptation processes,
as previously suggested for nonspeech auditory stimuli (Hauptmann & Karni, 2002;
Hauptmann et al., 2005). These procedural processes may have assisted the Hebrew
speakers in adapting to the specific experimental settings, and forming an efficient task
solution routine that improved the RTs for both the trained and control groups (e.g., Ahissar
&Hochstein, 1997; Vakil et al., 2014). However, only training yielded an actual perceptual
change that was reflected in improved discrimination performance.

Importantly, the training session used in the present study improved performance not
only with the target nonwords but also with a new set of nonwords that the participants did
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not encounter during training. This result suggests a generalization (transfer) of the
learning. Specifically, it may suggest that the short exposure to a narrow set of nonword
stimuli during training facilitated learning that is not context-dependent and thus can
generalize to various stimulus features (in terms of the surrounding consonants). Such
learning may be attributed to neural changes in high order brain areas that allow
processing of input from untrained local networks (Ahissar et al., 2009; Censor & Sagi,
2009; Censor et al., 2012; Harris et al., 2012; Karni, 1996; Zaltz et al., 2020). It remains to
be tested whether the training-induced changes for vowel length can generalize across
different vowels as well. Future studies may want to explore this question by testing
generalization to untrained vowels.

LIMITATIONS

The present study has several limitations. One limitation is related to the fact that although
duration was constantly longer for both vowels and speakers, there was also a difference
in pitch and F1, especially for one of the two speakers (see Table 1). Amir et al. (2014)
previously reported similar differences in formant frequencies for short versus long
vowels in spoken Arabic. One can argue that the difference in formant frequencies may
have influenced the present study’s discrimination results. However, previous studies
have reported that the effect of pitch on the production and perception of vowel length is
negligible for native speakers of Japanese (Beckman, 1986; Minagawa-Kawai et al.,
2002). Burnham (1986) also argued that duration is a more prominent acoustic cue
compared to spectral cues. Thus, it is plausible to assume that our participants based
their discrimination mainly (if not entirely) on the duration cues. Another possible
limitation of the present study may be that the Hebrew speakers had advanced knowledge
in English as an L2, so they might have had some experience with duration differences in
English vowels even though vowel distinction is not phonemic in English. Finally, one
cannot rule out the possibility that Hebrew speakers would have better discriminated
between vowel length contrasts had they presented with bisyllable words. Future studies
may test this possibility.

CONCLUSIONS

The primary focus of the current study was to test whether one’s listening experience
with a native language (i.e., Hebrew) that has no phonemic contrast of vowel length
influences their ability to discriminate between long and short vowels in a nonnative
(L2) language (i.e., Arabic). The results showed that although the native Hebrew
speakers reached above chance discrimination, they were unable to discriminate as
well as native Arabic speakers. This result reflects the influence of L1 on vowel contrast
perception. Our second goal was to assess whether the native language’s influence can
be reformed, retained, and generalized following a short training. Our findings suggest
that a short training can improve the perception of vowels using the recruitment of top-
down abilities such as attention resources. Further, our findings indicate that these
changes can generalize to untrained stimuli. Additional studies are needed to examine
whether a short perceptual training paradigm can also improve the production of
nonnative vowel contrasts. Overall, the present findings support the models that predict
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that even adults can learn phonetic/acoustic cues due to neural plasticity (e.g., Flege,
1995, 2003). The present findings have important practical implications for the
clinicians, teachers, and educators who teach and train individuals to learn an L2.

NOTE

1RMS: Root Mean Square.
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APPENDIX

TRAINED WORDS

/a/

tad—ta:d, nad—na:d, lad—la:d, bash—ba:sh, nam—na:m, zal—za:l, nat—na:t, lab—la:
b, mad—ma:d, zak—za:k, zam—za:m, xab—xa:b, bak—ba:k, zan—za:n, lash—la:sh,
nab—na:b, mab—ma:b, san—sa:n, tak—ta:k, nal—na:l

/o/

nol—no:l, hok—ho:k, kon—ko:n, nosh—no:sh, sol—so:l, nod—no:d, mod—mo:d, ron
—ro:n, ton—to:n, yol—yo:l, son—so:n, lob—lo:b, zof—zo:f, sob—so:b, lom—lo:m,
zod—zo:d, mob—mo:b, hod—ho:d, dom—do:m, tod—to:d

GENERALIZATION WORDS

/a/

san—sa:n, han—ha:n, bam—ba:m, fad—fa:d, mash—ma:sh, naf—na:f, sat—sa:t, kat—
ka:t, tab—ta:b, had—ha:d, las—la:s

/o/

doy—do:y, bon—bo:n, shon—sho:n, fob—fo:b, bof—bo:f, mon—mo:n, foj—fo:j, bok
—bo:k, hod—ho:d
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