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Use of vocalic cues to consonant voicing and
native language background: The influence

of experimental design
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For native speakers of English and several other languages, preceding vocalic duration and
F1 offset frequency are two of the cues that convey the stop consonant voicing distinction in word-

. final position. For speakers learning English as a second language, there are indications that
use ofvocalic duration, but not F1 offset frequency, may be hindered by a lack of experience with
phonemic (i.e., lexical) vowel length (the "phonemic vowel length account": Crowther & Mann,
1992). In this study, native speakers of Arabic, a language that includes a phonemic vowel length
distinction, were tested for their use of vocalic duration and F1 offset in production and percep
tion of the English consonant-vowel-consonant forms pod and pot. The phonemic vowel length
hypothesis predicts that Arabic speakers should use vocalic duration extensively in production
and perception. On the contrary, Experiment 1 revealed that, consistent with Flege and Port's
(1981) findings, they produced only slightly (but significantly) longer vocalic segments in their
pod tokens. It further indicated that their productions showed a significant variation in F1 offset
as a function of final stop voicing. Perceptual sensitivity to vocalic duration and F1 offset as voic
ing cues was tested in two experiments. In Experiment 2, we employed a factorial combination
of these two cues and a finely spaced vocalic duration continuum. Arabic speakers did not appear
to be very sensitive to vocalic duration, but they were about as sensitive as native English speakers
to F1 offset frequency. In Experiment 3, we employed a one-dimensional continuum of more widely
spaced stimuli that varied only vocalic duration. Arabic speakers showed native-English-like sen
sitivity to vocalic duration. An explanation based on the perceptual anchor theory of context cod
ing (Braida et al., 1984; Macmillan, 1987; Macmillan, Braida, & Goldberg, 1987) and phoneme
perception theory (Schouten & Van Hessen, 1992) is offered to reconcile the apparently contradic
tory perceptual findings. The explanation does not attribute native-English-like voicing percep
tion to the Arabic subjects. The findings in this study call for a modification of the phonemic
vowel length hypothesis.

The duration and first formant (Fl) offset frequency of
vocalic segments have been widely studied as cues to final
stop consonant voicing for native speakers of English.
Relatively long vocalic segments that terminate with rela
tively low Fl offset frequencies cue voiced final stop con
sonants, whereas shorter segments with higher Fl offsets
cue voiceless final stop consonants (Raphael, 1972; Sum
mers, 1987, 1988; Walsh & Parker, 1983; Wolf, 1978).
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Questions remain, however, about the use of these two
cues by speakers of other languages. Most of the previous
research on the cross-linguistic use of vocalic duration
as a voicing cue has focused primarily on production
rather than on perception, and Fl offset frequency has
not been studied extensively for either production or per
ception (Crowther & Mann, 1992). In the present study,
we extended some of our recent work by testing produc
tive and perceptual use of these two cues by native
speakers of Arabic.

Until fairly recently, most cross-linguistic data sup
ported Chen's (1970) claim that there is a universal ten
dency to lengthen vocalic segments before voiced stop
consonants. However, Flege and Port (1981) did not find
a significant vocalic duration contrast in Arabic for na
tive speakers of Arabic, and Keating (1985) found no mea
surable vocalic duration contrast in Czech for native
speakers of Czech. There has been little cross-linguistic
consideration of vocalic duration as a voicing cue in per
ception, but recent work with native speakers of Manda
rin Chinese (Crowther & Mann, 1992; Flege, 1988, 1989;
Flege & Wang, 1989) and native speakers of Japanese
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(Crowther & Mann, 1992) suggests that the use of vo
calic duration as a voicing cue may differ according to
the native language background of the listener.

Crowther and Mann (1992) found that native speakers
of Mandarin and Japanese use vocalic duration as a voic
ing cue in production and perception ofpod and pot, but
do so less extensively than native speakers of English.
Because neither Mandarin nor Japanese allows word-final
stop consonants, this finding is consistent with Flege's
syllable processing hypothesis (Flege, 1989; Flege &
Wang, 1989), which states that native experience with
word-final stops may be required for listeners to be able
to use multiple acoustic cues to identify word-final stop
consonants. Interestingly, it was found that the Japanese
subjects used vocalic duration in perception (and perhaps
production as well) to a greater extent than did the Man
darin subjects. To explain this difference, the phonemic
vowel length hypothesis was formulated by appealing to
the fact that Japanese, but not Mandarin, includes a pho
nemic vowel length distinction. It was argued that the
Japanese speakers somehow are able to draw upon their
native language experience with the phonemic (i.e., mean
ingful, or lexical) use of vocalic segment length in the
relatively novel situation of learning to use vocalic dura
tion as a cue to final stop consonant voicing in English.
This hypothesis is independently supported by more re
cent work (Flege, 1993), which shows that native speakers
of English are more accurate in imitating the duration of
auditorily presented isolated vowels than are native
speakers of languages that do not use vocalic duration pho
nemically or as a voicing cue.

In the present study, we complemented our previous
research by turning to Arabic, a language that includes
a phonemic vowel length distinction and word-final stops
as well. Although vocalic duration is probably not used
as a voicing cue in Arabic consonant-vowel-consonant
(hereafter, CVC) syllables (Flege & Port, 1981), the pho
nemic vowel length account nevertheless predicts that na
tive Arabic speakers should use vocalic duration as a voic
ing cue in English, because Arabic includes a phonemic
vowel length distinction. Some support for the possibil
ity that experience with vowel length in Arabic facilitates
the use of vocalic duration in a second language comes
from recent findings of Munro (1990). He reports that
native speakers of Arabic, as opposed to native speakers
of English, more readily learn to identify synthetic tokens
of the front rounded French vowels Iyl and 101 (which
occur neither in English nor in Arabic) that are distin
guished, in part, by vocalic duration. That the native
Arabic speakers are better able to learn to distinguish a
novel vowel pair on the basis of duration suggests that
they may readily learn to make voicing decisions on the
basis of vocalic duration differences in English.

It is especially important to test our hypothesis by using
native speakers of Arabic because of the possibility that
any facilitation due to native experience with phonemic
vowel length is reduced by native experience with final

stop consonants. In learning to use vocalic duration as a
voicing cue in English, native Japanese speakers may
differ somewhat from native Arabic speakers. Japanese
speakers do not have native experience with vocalic du
ration as a vowel cue in the CVC environment, so they
must learn to use it as a voicing cue within a novel syl
labic environment. Thus, native Japanese speakers learn
ing English must learn to use vocalic duration in a new
way and in a new environment. Because native Arabic
speakers do have experience with word-final stops, it is
possible that they would encounter interference if they
needed to ignore vocalic duration as a vowel cue in order
to use it as a voicing cue.

The literature relevant to the phonemic vowel length
hypothesis prediction is difficult to interpret. Contrary to
the phonemic vowel length hypothesis, Flege and Port
(1981) report that native Arabic speakers produce only
a small vocalic duration contrast between English CVCs
ending in voiced as opposed to voiceless stop consonants.
An attempt was made to replicate this result in Experi
ment 1. Consistent with the hypothesis, Flege (1984) re
ports perception data which suggest that native Arabic
speakers may be quite able to use vocalic duration as a
voicing cue for distinguishing the English words peas and
peace. An attempt was made to replicate this finding in
Experiments 2 and 3. The lack of agreement between pro
duction and perception may be at odds with Crowther and
Mann's (1992) speculation that subjects should be ex
pected to produce skillfully a vocalic duration contrast
only to the extent that they are perceptually aware of the
contrast. 1 If the Arabic subjects in Flege's (1984) peas
peace experiment were perceptually sensitive to vocalic
duration as a voicing cue, it is unclear why subjects drawn
from the same population in Flege and Port's (1981) study
failed to evidence much of a duration contrast in their
CVC productions. Extensive experience may be required
for one to develop a native-English-like manner of tim
ing one's articulatory gestures, even after one is percep
tually aware of the contrast (Crowther & Mann, 1992;
but see Sheldon & Strange, 1982, for what might qualify
as a counterexample), but the striking degree of the asym
metry between production (Flege & Port, 1981) and per
ception (Flege, 1984) among Arabic speakers challenges
even this line of reasoning.

One explanation for the apparent asymmetry is that the
native Arabic subjects in Flege's (1984) study may have
been unable to perceive the stimuli as peas-peace, and
consequently adopted a response strategy that enabled
them to complete the task. Flege himself suggests that al
though the Arabic subjects were behaviorally indistin
guishable from the native English control subjects, they
may have applied a strategy of identifying tokens in which
the vowel was perceived as a phonemically long Arabic
vowel as peas, and identifying those perceived as pho
nemically short as peace. Flege's explanation may well
be correct, but other explanations can account for the data
equally well. Hereafter, explanations such as Flege's that
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do not attribute native-English-like voicing perception to
native Arabic listeners will be referred to as response
strategic hypotheses.

The speech perception literature indicates that listeners'
behavior depends on the range of acoustic parameter
values constituting the stimulus continuum (see, e.g.,
Brady & Darwin, 1978; Rosen, 1979). In one condition
of Flege's (1984) experiment, subjects were presented
with 10 repetitions of five different synthetic tokens that
varied only in vocalic duration. Vocalic duration in his
peas-peace stimuli ranged from 150 to 350 msec, with
a 50-msec step size. Because there were only five differ
ent stimuli, the subjects may have been able to memorize
the label they applied to each stimulus and then, upon sub
sequent presentations, label each stimulus consistently and
according to their memory of each stimulus-label associ
ation (Massaro & Cohen, 1976). This line of reasoning
is consistent with Flege's data (see Figure 4 in Flege,
1984) and implies that native Arabic and English subjects'
behavior may be differentially affected by experimental
design factors such as the number of stimuli in each con
dition, parameter value ranges, continuum step sizes, the
number of factors varied, and so forth. In the present
study, this possibility was tested in two different percep
tion experiments. In the first perceptual experiment, we
employed a design in which vocalic duration and Fl off
set frequency were combined factorially, using a small
step size along the vocalic duration dimension and more
stimuli. In the second perceptual experiment, we em
ployed stimuli that varied only along the vocalic duration
dimension and mimicked Flege's (1984) peas-peace stim
uli in number, step size, and range. If Arabic subjects
employ a response strategy that does not involve native
English-like voicing perception, their performance, com
pared with that of native English subjects, may be influ
enced differently by the preceding design factors.

One goal in the present study was to test the predic
tions of the phonemic vowel length account by using na
tive Arabic speakers. Another was to compare production
with perception of vocalic duration as a voicing cue in
order to determine whether there is an asymmetry between
production and perception for native Arabic speakers.

The second area of interest in this study concerned Fl
offset frequency. It has been known for some time that
when a stop is articulated after a vowel, the offset fre
quency of the vowel's first formant is generally lower
when the stop is voiced than when it is voiceless (see,
e.g., Wolf, 1978). More research is needed in order to
determine whether changes occurring in Fl offset as a
function of voicing are a necessary consequence of post
vocalic stop articulation, or whether they reflect a
language-specific practice (see the General Discussion).

Fl offset has not been studied widely in speakers of lan
guages other than English. Recently, Crowther and Mann
(1992) tested the use of Fl offset as a voicing cue in the
English CVCs pod and pot by native speakers of Manda
rin Chinese and Japanese. The Japanese and Mandarin

subjects' productions showed systematic variation in Fl
offset as a function of voicing, although the magnitude
of the variation was larger for native English speakers.
They also demonstrated perceptual sensitivity to Fl off
set as a voicing cue, and group-related differences in sen
sitivity were nonsignificant. Thus, native language ex
perience with a phonemic vowel length distinction may
not impinge on the use of Fl offset frequency as a voic
ing cue in English. Consequently, Crowther and Mann
proposed that Fl offset frequency may be either a uni
versal (i.e., language-independent) voicing cue, or a
language-specific voicing cue that is easily learned, per
haps owing to high auditory salience and/or ease of pro
duction. It was thought that the testing of native speakers
of Arabic in Experiments 1 and 2 for use of Fl offset fre
quency in production and perception would help us gain
a better understanding of the use of the Fl offset cue and
its contrast with vocalic duration.

EXPERIMENT 1
Production of Pod and Pot

Experiment 1 concerned the use of vocalic duration and
Fl offset frequency in production of the English CVCs
pod and pot. Flege and Port (1981) reported that native
Arabic speakers produce, at best, a small vocalic dura
tion contrast in English CVCs differing in final consonant
voicing. Although their subjects did not produce the CVCs
pod and pot, the native Arabic subjects in the present study
were expected to produce a relatively small vocalic du
ration contrast between the words pod and pot.

Method
Subjects. The subjects in this experiment were 10 adult native

Arabic speakers (2 females and 8 males) who arrived in the US
after age 18. They were from Egypt (n = 6), Saudi Arabia (n = 2),
or Jordan (n = 2). The median time that they had spent in the US
was 10 months (see Table 1 for the overall time spent in the US
for each subject; other information in the table will be introduced
later). None was fluent in any language other than Arabic and En
glish. They ranged in age from 18 to 52 years (M = 30). Nine of
the subjects were either graduate or undergraduate students, and

Table 1
Relevant Subject Attributes and Performance Indices

Subject TUS a VD Slope

I 2 5.4 3.6
2 2 2.1 2.8
3 3 -5.3 -0.5
4 6 19.2 1.6
5 8 11.7 5.8
6 12 37.4 1.3
7 14 16.0 2.3
8 48 10.6 5.2
9 96 43.8 4.2

10 116 109.8 5.5

Note-TUS, total time (in months) spent in the US; aVD, mean vo
calic duration in pod tokens minus mean in pot tokens. Slope is the slope
of the ogive functions in Experiment 2.
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I was the spouse of a graduate student. Six of the subjects had be
gun learning English in elementary school, and 4 had begun in high
school. One had a native-English-speaking teacher for more than
6 months before arriving in the US. Four of them had listened to
English educational programs for more than 6 months before com
ing to the US. Subjects were paid for their participation. Their data
will be compared with data from the native English control group
(N = 10) reported by Crowther and Mann (1992), who employed
a procedure that was identical to the one in the present experiment.

Procedure. Subjects produced six tokens of pod and six tokens
of pot embedded within the carrier phrase "Say _
Chuck." They were not instructed to release the final stop. Their
utterances were recorded on a Tascam cassette recorder (7.5 ips)
with a Sony cliIKJn microphone. Before acoustic analysis, the tokens
were digitized at 10 kHz and lowpass filtered at 4.9 kHz. The mea
surement procedure was identical to that employed in Experiment I
in Crowther and Mann (1992). The vocalic segment, measured
directly from the waveform, was defined as beginning after the /p/
release burst at the onset visible voicing and ending at the onset
of stop closure as indicated by a decrease in amplitude and com
plexity of the waveform. F1 offset frequency was measured using
the formant tracking algorithm (20-msec Hamming window) in
cluded in the Interactive Laboratory System software. As in the
procedure employed by Hillenbrand, Ingrisano, Smith, and Flege
(1984), FI offset was defined by a decrease in FI peak amplitude
and "the presence of abrupt discontinuities with previously extracted
formant frequencies" (p. 23).

Results and Discussion
Vocalic Duration. A plot of the data for the native

Arabic speakers, together with the analogous data for the
native English speakers reported in Crowther and Mann
(1992), is shown in Figure 1. A paired-sample t test re
vealed that the native Arabic-speaking subjects produced
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Figure 1. Mean vocalic duration (in milliseconds) of subjects' pod
and pot tokens for native speakers of Arabic and native speakers
of English.

significantly [t(9) = 2.59, p < .05] longer vocalic seg
ments in their pod tokens (M = 152.3 msec, SD = 85.7)
than in their pot tokens (M = 124.9 msec, SD = 55.0).
The native English speakers also produced longer vocalic
segments in pod tokens (M = 198.9 msec, SD = 25.7)
than in their pot tokens (M = 123.0 msec, SD = 27.3).
However, computing the vocalic duration contrast (mean
vocalic duration in pod tokens minus mean vocalic dura
tion in pot tokens) for each Arabic speaker and compar
ing the mean (M = 27.4 msec) with that for the native
English speakers (M = 75.9 msec), we find that, con
sistent with Flege and Port (1981), the native English
speakers produced a significantly greater durational con
trast [t(18) = 4.5, p < .01]. The mean vocalic duration
contrast for each native Arabic speaker is listed in Ta
ble 1. The difference in the magnitude of the vocalic
duration contrast between native English and Arabic
speakers is probably not due to group differences in speak
ing rate, because the vocalic duration ratio (mean vocalic
duration before Idl divided by mean vocalic duration be
fore It!) for the native English group (1.6) is substantially
larger than that for the native Arabic group (1.2). Because
the vocalic duration in pot tokens was about the same for
both native language groups (just over about 120 msec),
it appears that the between-group difference is due to a
tendency on the part of the native English speakers to
lengthen vocalic segments before Idl more than the na
tive Arabic speakers do.

With the possible exceptions of Subjects 9 and 10, there
does not appear to be a strong tendency to produce a
greater durational contrast with increasing experience in
the US. Also, data from Subject 10 should be treated with
caution, because the overall vocalic duration in his tokens
greatly exceeded those of the typical native English sub
ject and served to inflate the variance among the Arabic
duration measurements. The vocalic duration in his pod
(M = 347.7 msec) and pot (M = 237.9 msec) tokens
may have been extended purposely. During debriefing,
however, this subject reported that he was not aware of
the English vocalic duration voicing effect, so interpret
ing his data is not straightforward.

Fl offset frequency. As in Crowther and Mann's
(1992) study of native speakers of English, Mandarin, and
Japanese, a paired-sample t test [t(9) = 2.92, p = .017]
revealed that subjects in the Arabic group in this study
produced significantly lower Fl offset frequencies in their
pod tokens (M = 419 Hz, SD = 35.6) than in their pot
tokens (M = 546 Hz, SD = 127.7). However, the mean
Fl offset frequency contrast (mean Fl offset in pot tokens
minus mean Fl offset in pod tokens) for the native Arabic
speakers, although quite large (M = 127 Hz), is consid
erably smaller than that for the native English speakers
(M = 304 Hz).

EXPERIMENT 2
Perception of Pod and Pot: A

In Experiment 2, we assessed subjects' perceptual sen
sitivity to vocalic duration and Fl offset frequency by
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using synthetic speech tokens intended to be perceived as
pod or pot. It was noted in the introduction that subjects
in Flege's (1984) perception experiment may have applied
a strategy of first evaluating the vocalic segment dura
tion and then making their voicing decision on the basis
of that duration judgment. To discourage this strategy,
we used more stimuli than Flege did (27, as opposed to
5 in his study), as well as a more finely grained vocalic
duration continuum (20-msec step size, as opposed to
50 msec in his study). These measures were intended to
make the possibility of memorizing the stimulus materials
more difficult.

The inclusion of F1 offset as an experimental parame
ter in and of itself may further help to discourage the re
sponse strategy noted earlier. If Arabic subjects are not
sensitive to vocalic duration as a voicing cue, but are sen
sitive to FI offset as a voicing cue, they should be able
to perform in a voicing perception task by making their
voicing decision on the basis of F1 offset information
when vocalic duration and F1 are varied factorially. Such
a design will also increase the number of stimuli and thus
increase the difficulty of implementing a response strategy
that involves memorizing the stimulus materials. Testing
sensitivity to both cues within a factorial design may thus
serve to improve the design of the experiment (see Mas
saro & Cohen, 1976, for a discussion of single factor vs.
factorial designs in speech perception experiments).

Method
Subjects. The subjects who participated in Experiment 1 also par

ticipated in Experiment 2.
Stimuli and Procedure. The stimuli and procedure were identi

cal to those of Experiment 3 in Crowther and Mann (1992). The
stimuli consisted of three different nine-member pod-pot continua,
each differing in F1 offset frequency (355, 455, and 555 Hz). The
members of each continuum were synthesized with a version of the
Klatt synthesizer (Klatt, 1980), in cascade mode; they ranged in
vocalic duration from 100 to 260 rnsec, in 20-rnsec steps. All stimuli
began with a 5-msec burst appropriate for Ip/. Fundamental fre
quency began at 138 Hz and fell linearly to 95 Hz by the end of
the vocalic segment. A highly attenuated Idl burst from a natural
token ofpod (after attenuation, the RMS amplitude of the burst was
12.8 mY and was barely audible relative to the vocalic segment,
which had an RMS amplitude of363.7 mY) and a 67-msec closure
interval (energy in the closure interval was attenuated to zero) were
spliced to the zero-crossing of the last glottal pulse of the vocalic
segment of each token.

For testing, the 27 stimuli (nine levels of vocalic duration times
three levels of F1 offset frequency) were placed in random order
in 10 different blocks. Before the subjects began the experiment
proper, they listened to all 27 tokens presented in random order,
to familiarize themselves with the task and the stimuli. In the test
phase, subjects listened to the stimuli over earphones at a comfort
able listening level and identified each token as either pod or pot.
They responded by pressing a button marked pod or pot, and they
were instructed to guess if uncertain. Each stimulus was presented
1.5 sec after the subject's response to the preceding stimulus, and
presentation of the stimuli was controlled using the Identify soft
ware program (Shannon, Palumbo, & Grandgenett, 1988).

Results and Discussion
Vocalic duration. Figure 2 shows the mean percent

age of pod identifications as a function of vocalic dura
tion and F1 offset frequency for subjects in the Arabic
group and for the English subjects from Crowther and
Mann (1992). To assess the subjects' sensitivity to vo
calic duration, we employed the probit procedure used
in Crowther and Mann. The data were collapsed over the
F1 offset variable for each native Arabic-speaking sub
ject. The resultant psychometric function for each sub
ject was then fit with a normal ogive by using probit anal
ysis, and the mean slope for each subject was computed
(M = 3.2; SD = 2.1; range, from -0.5 to 5.8); this is
shown in Table 1. The slope for Subject 3 was negative
and thus should be treated with some reservation. If "sen
sitivity to vocalic duration" is operationalized as the slope
of each fitted ogive function, we should conclude that the
native Arabic subjects are not very sensitive to vocalic
duration, because the mean slope for subjects in their
group is rather small. This slope value is significantly less
than the value obtained for the native English group (M =
13.0; SD = 5.7; range, from 6.5 to 24.7) in Crowther
and Mann, which suggests that the native English speakers
were significantly more sensitive than the native Arabic
speakers were to vocalic duration as a voicing cue for dis
tinguishing pod from pot. The native Arabic subjects may
be less sensitive than native Japanese speakers (M = 6.2),
but about as sensitive as Mandarin speakers (M = 3.3)
(see Crowther & Mann, 1992). This finding conflicts with
predictions of the phonemic vowel length account.

Fl offset frequency. To assess the native Arabic sub
jects' sensitivity to F1 offset frequency as a voicing cue,
a paired-sample t test was used to compare each subject's
responses at each level of the vocalic duration variable
for the lowest versus highest level of the F1 offset vari
able. The tests revealed that the F1 variable significantly
affected their voicing judgments [t(89) =9.1,p < .01].
Collapsing the data over the vocalic duration variable, the
mean percentages ofpod identifications for native English
speakers are 60.7,42.2, and 38.3, respectively, for the
low, medium, and high levels of the F1 offset variable.
For the native Arabic speakers, the mean percentages of
pod identifications are 63.1,47.4, and 41.3, respectively,
for the low, medium, and high levels of the F1 offset vari
able. To compare the influence of F1 as a voicing cue
for native Arabic speakers to its influence for native En
glish speakers, we computed an F1 impact score (the to
tal number of voiced responses for the lowest level of the
F1 offset variable minus the total number of voiced re
sponses for the highest level of F1) for each subject in
the Arabic and English groups. An independent sample
t test failed to reveal a significant difference between the
F1 impact score for native English (M = 20.1, SD =
11.9) and that for native Arabic (M = 19.6, SD = 12.9)
speakers [t(18) = 0.09, p > .9].
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Figure 2. Mean percentage of synthetic pod-pot tokens from Experiment 2 i<lentified as pod as
a function of vocalic duration and Fl offset frequency. Vocalic duration ranges from 100 to 260 msec
in 2O-oL'leC steps. Low, medium, and bigbFl offset frequencies are 355,455, and 555 Hz, respectively.
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The native Arabic speakers are therefore sensitive to
Fl offset frequency as a voicing cue, and their sensitiv
ity may not differ significantly in magnitude from that of
native English speakers.

EXPERIMENT 3
Perception of Pod and Pot: B

The results of Experiment 2 are in conflict with Flege's
(1984) findings, in suggesting that native Arabic speakers
are far less sensitive than native English speakers to vo
calic duration as a voicing cue. It was proposed in the
introduction that Flege's findings may not reflect the
Arabic subjects' sensitivity to vocalic duration as a voic
ing cue, in part because the nature of his design may have
allowed the Arabic subjects to apply a categorization
strategy based on vocalic length per se, rather than on
voicing perception. The results of Experiment 2 may be
more representative of the Arabic speakers' sensitivity,
because the nature of the stimulus materials (smaller step
size, more stimuli, and factorial combination of two dif
ferent voicing cues) may have made it more difficult for
the subjects to apply anyone of the response strategies
outlined above. Alternatively, it may be the case that the
vocalic duration cue operates differently for voicing in
the fricatives (ls/-/z/) studied by Flege (1984) than for
voicing in the alveolar stops (/d/-/t/). Sensitivity to vo
calic duration as a voicing cue for fricatives may not nec
essarily imply sensitivity to vocalic duration as a voicing
cue for stops.

One way to test the response strategy hypothesis is to
attempt to replicate Flege's experiment by modifying the

pod-pot stimuli from Experiment 2 to have the same step
size that he used (50 msec), and only five stimuli that vary
in vocalic duration. If the native Arabic speakers gener
ate native-English-like data when the stimuli are modi
fied in this way, a response strategy explanation will be
supported. This was the course taken in Experiment 3.

Method
Subjects. The subjects in this experiment include 7 adult native

Arabic speakers who began living in the US after age 18. None
had participated in Experiment 2. The median time that they had
spent in the US was 8 months (range, 4-30 months). None was
fluent in any language other than Arabic and English. All 7 sub
jects had begun learning English in elementary school. They were
paid for their participation.

Seven native English speakers who had not participated in Ex
periment 3 served as a control group. They were given extra credit
in an undergraduate social science course at the University of
California, Irvine, as compensation for participating.

Stimuli and Procedure. To create the stimuli for Experiment 3,
we used the same synthesis techniques as those described in Ex
periment 2, but with a few exceptions intended to make them mimic
the temporal properties of Flege's (1984) stimuli. The level of the
Fl offset frequency variable was fixed at 455 Hz (the intermediate
level of the three levels used in Experiment 2), because this ap
pears to be the most neutral of the three levels in terms of voicing.
Levels of the vocalic duration variable were adjusted to range from
150 to 350 Hz, in 50-msec steps. Thus, these stimuli are analo
gous (in number, vocalic duration range, and step size) to Flege's
peas-peace stimuli.

The procedure was the same as in Experiment 2. The subjects
first listened to the five tokens played out in random order to fa
miliarize themselves with the stimuli and the task. In the test phase,
the subjects listened to the stimuli (10 times each, in random order)
over earphones at a comfortable listening level and identified each
token as either pod or pot. They were instructed to guess ifuncertain.
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Figure 3. Mean percentage of synthetic pod-pot tokens from Experiment 3 identified as pod as
a function of vocalic duration, which ranges from 150 to 350 msec, in 56-msec steps. Fl offset fre
quency is fixed at 455 Hz.
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Results and Discussion
Figure 3 plots the mean percentage of pod identifica

tions as a function of vocalic duration for subjects in the
native Arabic and native English groups. Whereas the
Arabic and English data from Experiment 2 appear to be
quite different (see Figure 2), their data from Experi
ment 3 appear to be far more similar, particularly for the
endpoint stimuli. In Experiment 3, the native Arabic sub
jects, like the native English subjects, almost unanimously
identified the shorter stimuli as pot and the longer stim
uli as pod, which could imply that they were sensitive to
vocalic duration as a voicing cue. For Experiment 2, how
ever, the slope of the Arabic subjects' identification func
tion is shallow (M = 3.2, and see Figure 2) and they did
not label the endpoint stimuli consistently, suggesting that
they were not very sensitive to vocalic duration.

One interpretation of the apparently contradictory re
sults of Experiments 2 and 3 is that the data from Flege's
peas-peace experiment and the present Experiment 3
reflect a response strategy that does not require voicing
perception for its implementation. Following this line of
reasoning, the data from Experiment 2, in which we used
a larger step size, more stimuli, and a factorial combina
tion of two voicing cues, may more accurately reflect the
Arabic subjects' sensitivity to vocalic duration as a voic
ing cue.

Another explanation for the discrepancy in the Arabic
data between Experiments 2 and 3 is based on the fact
that in Experiment 2 vocalic duration varied factorially
with FI offset, but in Experiment 3 it varied alone. In
Experiment 2, the subjects may have made their voicing
judgments on the basis ofFI offset frequency, but in Ex
periment 3 they had to rely on vocalic duration alone and
thus may have focused more attention on vocalic dura
tion. Intuitively, had this been the case, the FI offset vari
able should have influenced voicing judgments to a greater
extent than it actually did. In any case, it seems that vo
calic duration probably impacted voicing decisions in Ex
periment 2 more than did FI offset (see Figure 2), mak
ing this explanation implausible.

GENERAL DISCUSSION

This study shows that the vocalic duration in tokens pro
duced by native speakers of Arabic varied to a small ex
tent as a function of stop consonant voicing. The percep
tual results are less clear: native Arabic speakers appeared
to be quite sensitive to vocalic duration as a voicing cue
when the vocalic duration continuum contained only five
widely spaced members (Experiment 3), but showed
much less sensitivity when vocalic duration and FI off
set were varied factorially in three more finely spaced con
tinua (Experiment 2). In contrast, they may be as sensi
tive as native English speakers to FI offset frequency as
a voicing cue in perception, although they probably use
it in production to a lesser extent than do their native En
glish counterparts.

The Findings for Production:
Theoretical Implications

In Experiment I, it was found that the native Arabic
subjects produced a vocalic duration contrast of about
27 msec and an FI offset frequency contrast of about
127 Hz. The sizes of these contrasts are smaller than those
found with native English speakers, but they are certainly
large enough to be discriminable under ideal listening con
ditions, such as those employed in typical speech percep
tion experiments. Fujisaki, Nakamura, and Imoto (1975)
report a just noticeable difference (JND) of about 10 msec
for vocalic duration in isolated vowels, and Mermelstein
(1978a) reports JNDs of about 60 Hz for the FI steady
state frequency of vowels embedded in CVC syllables.

The implications of the sizes of the vocalic duration and
FI offset frequency contrast differences between native
English and native Arabic speakers depends on the na
ture of the speech perception theory in question. For au
ditory contrast theories (see, e.g., Kluender, Diehl, &
Wright, 1988; Parker, Diehl, & Kluender, 1986), which
are based on general psychoacoustic principles, even small
duration and frequency differences may influence speech
perception to some extent, as long as they are noticeable
under everyday listening conditions: "Experienced
listeners make use of all potentially relevant cues for pho
netic categories, provided [that] these cues are detecta
ble" (Diehl & Kluender, 1987, p. 226). However, for
prototype matching theories (e.g., Massaro & Oden,
1980; Oden & Massaro, 1978) and theories that explicitly
relate perceptual effects of speech cues to the distribu
tions of these cues in production (e.g., Nearey & Hogan,
1986), one should expect that statistically large differences
in the production distributions of acoustic cues may be
required if these cues are to be used in perception. For
example, assume that the distribution of vocalic durations
in fadf and fatf syllables overlapped to a very great ex
tent for speakers in some language community. If listeners
make voicing judgments through reference to internalized
representations of those distributions, there is a high prob
ability that listeners would identify fadf syllables as fat!
syllables, and vice versa, because it would be difficult or
impossible to determine the distribution from which the
sample was drawn. Of course, in cases in which cue dis
tributions overlap, these models could de-emphasize the
importance of the cues by either ignoring them altogether
or assigning them a relatively small weight in perception.
The size of the acoustic parameter contrasts must there
fore be interpreted with respect to the nature of the model
in question. For auditory contrast models, the magnitude
of the contrast may not be as important as it is for proto
type matching models and for statistical decision models.

Vocalic Duration
The discrepancy between Experiments 2 and 3. The

results of Experiment 2 suggest that native Arabic
speakers are much less sensitive than native English
speakers to vocalic duration as a voicing cue, but those
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of Experiment 3 suggest that the two groups are quite sim
ilar in sensitivity. There are several plausible explanations
for this discrepancy. First, the vocalic duration continuum
ranged from 100 to 260 msec in Experiment 2, and from
150 to 350 msec in Experiment 3. As noted in the in
troduction, Flege (Flege, 1984; Flege & Hillenbrand,
1986) suggests that Arabic subjects in voicing perception
experiments may not perceive the stimuli in a native
English-like manner, but instead may identify the stimuli
on the basis of the duration of Arabic long/short vowels:
stimuli perceived as containing long vowels are identified
as voiced, and those perceived as containing short vowels,
as voiceless. In terms of this scenario, the results of Ex
periment 2 would be attributed to an inability on the part
of the Arabic subjects to identify the stimuli according
to the Arabic long/short vowel distinction, because the
endpoints of the vocalic duration continuum were not rep
resentative of Arabic long and short vowels. They were
able to use the long/short vowel strategy in Experiment 3
because the endpoints may have corresponded better to
Arabic long/short vowels.

There is a more general psychophysical explanation of
the discrepancy that applies some of the findings and con
cepts of the perceptual anchor theory of context coding
(Braida et al., 1984; Macmillan, 1987; Macmillan,
Braida, & Goldberg, 1987; Macmillan, Goldberg, &
Braida, 1988). Although formulated originally for audi
tory intensity perception, the theory would seem to be ap
plicable to other tasks. In terms of this theory, stimuli
at the endpoints of the vocalic duration continuum, like
those at the endpoints of an intensity continuum, serve
as perceptual anchors, and subjects categorize each stim
ulus by measuring the perceived distance between it and
each anchor. The particular stimuli employed in an ex
periment thus defme a context, and subjects consider each
stimulus according to its position in the overall stimulus
context. The step size in Experiment 3 and in Flege's
peas-peace experiment (50 msec) was considerably larger
than that in Experiment 2 (20 msec). Comparisons be
tween a stimulus and a perceptual anchor are made with
less variance when the step size is large (Braida et al.,
1984); hence, category assignments were made with less
variance in Experiment 3 than in Experiment 2.

The relatively simple nature of the stimulus continua
in Experiment 3 and Flege (1984) would seem to make
the preceding explanation especially plausible. The just
noticeable difference for isolated vowels is only about
10 msec (Fujisaki et al., 1975), so a 50-msec step size
would probably make the vocalic duration differences be
tween stimuli quite salient. Arabic subjects, being skilled
at exploiting vocalic duration differences to identify
vowels (Munro, 1990), and faced with perceptually sa
lient vocalic duration differences, may easily have adopted
a strategy of selectively attending to vocalic duration (see
Schouten & Van Hessen, 1992) and categorizing the stim
uli with the two longest vocalic segments as peas, and
those with the two shortest segments as peace. They may
have categorized the stimulus with intermediate vocalic

segment length as peace or peas less consistently, because
it was far from both perceptual anchors (Macmillan et al.,
1988). Intuitively, a strategy of comparing 5 different
stimuli with perceptual anchors (Experiment 3; and Flege,
1984) should be easier than comparing 27 different stim
uli with perceptual anchors (Experiment 2), so it was
probably easier for subjects to maintain a consistent re
sponse strategy in Experiment 3 than in Experiment 2.

The perceptual anchor explanation accounts well for the
discrepancies in the Arabic subjects' data between Ex
periments 2 and 3, but one potential problem is that if
it is applied to the native Arabic data, it should also be
applied to the native English data. The native Arabic data
evidenced ceiling effects for endpoint stimuli only in Flege
(1984) and Experiment 3, but the native English data evi
denced ceiling effects in both Experiments 2 and 3. The
theory does not predict that experimental design factors
should affect each subject group differently. However,
if "context coding of consonants is with reference to well
remembered prototypes" (Macmillan et al., 1987, p. 35),
it may be the case that the native Arabic speakers do not
possess prototypes that are as well defined as those of na
tive English speakers (see, e.g., Flege & Hillenbrand,
1986), which might explain why the subject groups were
affected differently by experimental design factors.

A recent extension of the perceptual anchor theory may
provide a more detailed framework for explaining per
formance differences between Arabic and English sub
jects in Experiments 2 and 3. Schouten and Van Hessen
extended the perceptual anchor theory by adding, among
other things, a long-term phoneme memory for stop con
sonants (Schouten & Van Hessen, 1992; Van Hessen &
Schouten, 1992). According to their phoneme perception
theory, listeners possess long-term-memory representa
tions of the phonemes that occur in their native language.
The representations are language specific, in that they de
pend critically on the native language experience of the
listener. Given this theory, the discrepancy in the native
Arabic listeners' results between Experiments 2 and 3 is
not surprising. If their phoneme representations (or pro
totypes) are different from those possessed by native En
glish listeners, or if they lack relevant representations al
together, their response behavior should be expected to
be influenced more by the nature of the stimulus mate
rials (e.g., step size, range, number of stimuli). Although
the procedures were identical for subjects in both groups,
the tasks in Experiments 2 and 3 may have been psycho
logically different for the native English and Arabic
listeners, in that the native English listeners may have
categorized the stimuli according to long-term-memory
representations (developed over the course of English ac
quisition) of /d/ and /t/, whereas the native Arabic
listeners, lacking a native English background, may have
been compelled to categorize the stimuli according to per
ceptual anchors that were "induced" during the experi
ments. In terms of phoneme perception theory, then, na
tive Arabic listeners may have relied more on the overall
stimulus context than did their native English counterparts,
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who presumably classify stop consonants according to
phoneme memory (if the stimuli are good exemplars of
real speech). Consequently, the performance of subjects
in both groups was affected differently by experimental
design factors.

It should be noted that this explanation is consistent with
prototype matching models (see, e.g., Massaro & Oden,
1980; Oden & Massaro, 1978), and with models that ex
plicitly relate perception behavior to the distribution of
segmental properties (e.g., voice onset time, vocalic du
ration) of speech sounds within a language community
(see, e.g., Nearey & Hogan, 1986). Flege's account
(Flege, 1984; Flege & Hillenbrand, 1986) and the per
ceptual anchor account cannot be distinguished on the ba
sis of fmdings in this study, although they are empirically
distinguishable. Flege's account suggests that native
Arabic subjects make their voicing decisions on the basis
of Arabic long/short vowel perception. This would seem
to predict that speakers of languages that do not include
a vowel length distinction and do not use vocalic dura
tion as a voicing cue (such as native Mandarin speakers)
should not be expected to show the performance differ
ences that native Arabic speakers showed when tested in
Experiments 2 and 3 above. Another empirical test would
be to replace the vocalic portion of the stimuli in Experi
ment 3 with noise, and test a new group of Arabic sub
jects. Finding that their psychometric functions are shal
lower than those in Experiment 3 would support Flege's
hypothesis.

Failure of the predictions for Arabic use of vocalic
duration. The phonemic vowel length hypothesis (Crow
ther & Mann, 1992) predicted that native Arabic subjects
should use vocalic duration extensively, because Arabic
includes a phonemic vowel length distinction and word
fmal stop consonants (Flege, 1988, 1989; Flege & Wang,
1989). In Experiment 1, subjects produced a small (but
significant) vocalic duration contrast between pod and pot
tokens, replicating Flege and Port (1981). Also contrary
to the prediction, subjects in Experiment 2 showed far less
sensitivity than native English speakers to vocalic dura
tion as a voicing cue.

Native language experience with phonemic vowel length
seems to give Japanese speakers an advantage for use of
vocalic duration as a voicing cue in English (Crowther
& Mann, 1992), but does not seem to do so for the Arabic
subjects. In fact, native Arabic speakers are about as poor
as native Mandarin speakers in their use of vocalic dura
tion, even though Mandarin does not include a phonemic
vowel length distinction or word-final stops. The pho
nemic vowel length account may be salvaged by constrain
ing it to cases in which speakers lack experience with final
stop consonants. The CVC (final stop) syllable is a novel
syllable for the Japanese subjects, and thus, when learn
ing English, they must learn to use vocalic duration in
a novel way (as a voicing cue) within a novel syllabic en
vironment (the CVC syllable). For native Arabic speakers,
however, the CVC (final stop) syllable is not a novel syl
lable: Arabic CVC syllables contrast final voiced and

voiceless stops, just as in English. However, in Arabic
the voicing contrast is not conveyed by vocalic duration.
Flege and Port (1981) reported no significant vocalic du
ration contrast for two different Arabic minimal CVC
pairs differing in final voicing. Thus the Arabic subjects
may be accustomed to using vocalic duration within the
CVC context only as a cue to vowel identity, and to using
other cues to consonant voicing, such as the presence or
absence of periodic vibration during closure (see Flege
& Port, 1981). Consequently, for native Arabic speakers
learning English, the process of learning to use vocalic
duration in a native-English-like manner (i.e., as a voic
ing cue in the CVC context) may be inhibited as a result
of the more familiar use of vocalic duration within the
CVC context (i.e., as a cue to vowel identity).

Given the preceding empirical findings, the phonemic
vowel length hypothesis should be constrained. Native ex
perience with vocalic duration contrast as a cue to vowel
identity may either facilitate or inhibit the process oflearn
ing to use the durational contrast in a novel way. If the
novel application for the durational contrast occurs within
an unfamiliar syllabic context, the learning process will
be facilitated. If it occurs within a familiar syllabic con
text, the learning process may not be facilitated.

One potential difficulty for this modification of the pho
nemic vowel length account follows from studies show
ing that native English speakers are able to use vocalic
duration in two different ways. Not only can they use it
as a voicing cue to distinguish minimal pair CVCs such
as bad and bat, but also as a vowel cue to distinguish min
imal pair CVCs such as bat and bet (Crowther, 1994;
Mermelstein, 1978b; Whalen, 1989). It is therefore un
clear why the native Arabic speakers are able to use vo
calic duration in one way (as a vowel cue), but have dif
ficulty learning to use it in a second way (as a voicing
cue) within the familiar CVC context. To attain mastery
of vocalic duration as a cue to both vowel identity and
voicing, perhaps native exposure is required.

Correspondence between productive and perceptual
use of vocalic duration. The apparent asymmetry be
tween the use of vocalic duration in production and per
ception for native Arabic speakers (compare Flege & Port,
1981, with Flege, 1984) was inconsistent with observa
tions in Crowther and Mann (1992). The present study
suggests that native Arabic speakers, like native speakers
of Mandarin and Japanese, may use vocalic duration in
production to the extent that they are sensitive to vocalic
duration in perception. The finding of parallels between
production and perception should not be surprising when
one is considering speakers who learn English as a sec
ond language in a "naturalistic" manner. In general, it
is not clear how a speaker could attain productive mastery
of a distinction (e.g., the English vocalic duration/voic
ing relationship) without perceptual awareness of the dis
tinction (but see Gass, 1984; Sheldon & Strange, 1982).
Of course, in the case of the association between vocalic
duration and voicing, some have argued (e.g., Chen,
1970) that vocalic segments are necessarily longer before
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voiced stops because of particularities of human vocal tract
anatomy. If the vocalic duration contrast is a by-product
of postvocalic stop voicing production, perhaps one may
produce a vocalic duration contrast without perceptual
awareness of the contrast (but see Kluender et aI., 1988,
for a critical review of several "articulatory necessity"
explanations) .

Fl Offset Frequency
The native Arabic subjects seemed to use F1 offset fre

quency extensively and systematically as a cue to final
consonant voicing in both production and perception.
Crowther and Mann (1992) report substantial use of F1
offset frequency by native speakers of English, Japanese,
and Mandarin Chinese, which suggests that the native lan
guage factors in question in this study, inclusion of a pho
nemic vowel length distinction and presence of word-final
stop consonants, may be neutral to use of F1 offset as a
voicing cue when one is learning English as a second
language.

These findings, together with those in Crowther and
Mann (1992), are consistent with the possibility that FI
offset may be learned easily, perhaps because of high au
ditory salience and ease in production. Some have sug
gested that glottal pulsing during closure of C2 in a C1VC2

syllable (where C2 is a stop consonant) is the essential cue
to voicing (Kluender et al., 1988; Stevens, Keyser, &
Kawasaki, 1986). If this was the case, listeners might in
terpret a low F1 offset transition as vocal cord vibration
during closure, which would explain why low F1 offsets
favor voiced percepts.

For production, initiation of postvocalic closure voic
ing for a voiced stop may entail articulatory gestures
(supraglottal cavity expansion; tongue-raising gesture) that
serve to lower F1 offset frequency, in which case finding
a relationship between voicing and F1 offset across many
different language communities should not be surprising.
Kent and Moll (1969) showed that the supraglottal cavity
expands actively during production of voiced stops (see
also Westbury, 1983), so perhaps the articulatory adjust
ments required to effect supraglottal cavity expansion for
voiced stops result in a lower terminating value for Fl.
Hillenbrand et al. (1984) refer to the "timing of a
~o~tioo~rrninaMg~~re~~~ro~ocm~e~rn

of articulatory closure" as "voice offset time" (p. 18).
Because voice offset time is earlier (perhaps before, or
coincidental with, the initiation of closure) for voiceless
than for voiced stops, F1 offset frequency is generally
higher for voiceless stops (Hillenbrand et al., 1984). On
the other hand, F1 tends to decrease during articulatory
narrowing (Fant, 1962) and is associated with tongue
height during vowel articulation-a vowel produced with
the tongue at a higher position in the mouth, and there
fore with a narrower aperture, has a lower F1 steady-state
frequency (Ladefoged, 1982). Consequently, one might
speculate that postvocalic voiced stops are produced with
the tongue in a higher position than it is for homorganic
voiceless stops. Summers (1987) provides a somewhat in-

direct test of this hypothesis, in that he found a statisti
cally significant relationship between jaw height at vowel
offset and final stop consonant voicing for only 1 of 3
native English subjects. However, failure to find a robust
relationsmp between jaw position and F1 offset frequency
does not disconfirm the hypothesis that tongue height
varies as a function of voicing, because it is possible for
speakers to control tongue height and jaw position in
dependently. Clearly, more research will be necessary for
one to understand better the relationship between the ar
ticulation of final stop voicing and F1 offset frequency.

Final Remarks
We have seen that native Arabic speakers use vocalic

duration to a small extent as a final consonant voicing cue
in the English CVCs pod and pot. This finding conflicts
with predictions of Crowther and Mann's phonemic vowel
length hypothesis. One explanation for the prediction's
failure is that the Arabic subjects' experience with vo
calic duration as a cue to vowel identity in Arabic CVCs
may have hindered their ability to learn to use vocalic du
ration for final consonant voicing within the same syllabic
context in English. They are therefore unlike native En
glish speakers, who seem able to use vocalic duration for
two purposes: as a vowel cue, and as a voicing cue. The
results of Experiments 2 and 3 suggest that the ~tive

Arabic subjects' apparent sensitivity to vocalic duration
in Flege's (1984) peas-peace experiment may have re
sulted from task demands. F1ege (1984) suggested that
Arabic subjects may categorize stimuli in a peas-peace
perception experiment on the basis of the Arabic vowel
length distinction, rather than on the basis of voicing per
ception (which presumably is the basis used by native En
glish speakers). Another explanation, rooted in terms of
the perceptual anchor theory of context coding (Braida
et al., 1984; Macmillan, 1987; Macmillan et al., 1987)
and phoneme perception theory (Schouten & Van Hes
sen, 1992; Van Hessen & Schouten, 1992), provides an
equally adequate account of performance differences be
tween (1) Flege (1984) and Experiment 3 and (2) Experi
ment 2. These findings suggest that speech researchers
need to consider carefully experimental design factors
such as whether or not to use a factorial design; the num
ber of stimuli to be employed in each condition; and the
physical range and physical spacing between adjacent
members along each dimension of the stimulus continuum
(i.e., step size in frequency or duration). The perceptual
anchor theory as well as the phoneme perception theory
may be quite useful for testing the stability and structure
of phoneme representations (or prototypes) for ~tive and
non-native English speakers. Poorly developed (or non
existent) prototypes may be implicated when a subject in
a stop-eonsonant perception experiment seems to be mghly
influenced by the structure of the stimulus set (number
of stimuli, range, step size, etc.). The application of these
models suggests that any serious testing of sensitivity to
speech cues should involve more extensive experimenta
tion than is typical in speech perception experiments. Sub-
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jects would have to be tested in fixed and roving discrim
ination, and in identification, and stimulus set factors
would have to be manipulated, as well.

Native Arabic speakers use FI offset frequency as a
voicing cue to distinguish the syllables pod and pot. This
finding is agreement with the work of Crowther and Mann
(1992), who showed that native Japanese and Mandarin
speakers may be more similar to native English speakers
in their use of FI offset than in their use of vocalic dura
tion. The question of whether FI offset qualifies as a
language-independent cue, as opposed to a cue that hap
pens to be easy to learn, is open for further study. The
present study offers another indication that the nature of
the use of vocalic duration and that of the use of FI off
set frequency may be fundamentally different.
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NOTE

1. It should be noted that this hypothesis is intended to describe the
"natural" learning process, in which the speaker is not taught explicitly
to lengthen vocalic segments before voiced stop consonants. If a speaker
were taught the English vocalic duration voicing association, his/her
productive mastery obviously would not necessarily imply perceptual
mastery.
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