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1. Introduction

In English, phonemically voiced post-vocalic obstruents may be phonetically devoiced (i.e., lack glottal pulsing
during the obstruent closure); however, since multiple cues signal the voicing contrast, the contrast is maintained and
native English listeners are able to reliably identify underlyingly voiced obstruents. Keating (1985) argued that although
physiological constraints (e.g., difficulty of maintaining sufficient airflow) may result in a tendency for utterance final
obstruents to be phonetically devoiced and preceded by longer vowels, the occurrence of the same pattern in word final,
but not utterance final, position is due to a phonological process. In perception tests, Halle, Hughes, & Radley (1957);
Raphael (1972); Flege (1989); and Crowther & Mann (1992) found that vowel duration was a reliable cue to post-vocalic
obstruent voicing: obstruents following longer vowels were perceived as voiced. Suen & Beddoes (1974) and Lisker
(1957) claimed that consonant closure duration was a relevant cue, and Denes (1955), Port (1981), and Port & Dalby
(1982) proposed that the relevant cue was the ratio of vowel to consonant duration. However, Crystal & House (1982)
and Luce & Charles-Luce (1985) did not find either consonant closure duration or the vowel to consonant duration ratio
to be reliable cues to consonant voicing. Wolf (1978); Revoile et al. (1982); Walsh & Parker (1983); Hillenbrand et al.
(1984); and Fischer & Ohde (1990) found that the F1 offset frequency of the vowel was a cue to post-vocalic consonant
voicing: vowels with low frequency F1 offsets were identified as voiced. Lower F1 steady states in vowels have also been
found to cue perception of voicing (Summers, 1987, 1988). Kluender, Diehl, & Wright (1988) and Kingston (in press)
argued that listeners do not hear individual acoustic cues, but perceive a higher order feature, e.g., phonemic voicing, as
aresult of perceptual integration of multiple cues. Kingston (in press) also argued that speakers control their production
in order to produce a combination of cues which optimises the phonemic contrast for a given context. Vowel duration
and vowel spectral properties have been found to have a trading relationship where F1 offset is a more pertinent cue to
consonant voicing in low vowels (Walsh & Parker, 1983; Halle, Hughes, & Radley, 1957; Hillenbrand et al., 1984) and
vowel duration is more pertinent in high vowels where steady-state F1 is already low (Hogan & Rozsypal, 1980). In
summary, the English post-vocalic obstruent voicing contrast may be maintained via cues in the duration and spectral
properties of the preceding vowel rather than via a difference in phonetic voicing, e.g., /bit/ - /bid/ = [bit] - [br:t].

Navarro Tomas (1916), Zimmerman & Sapon (1957), Quilis & Esgueva (1983), and Marin Galvez (1995)
reported that Spanish vowel productions were longer preceding voiced as opposed to voiceless consonants; however, the
differences in duration were small compared to the duration differences reported for English, and no known study has
reported that vowel duration affects Spanish listeners’ perception of consonant voicing. Spanish has a phonemic voicing
contrast for stops but not for fricatives. In intervocalic position, the phonemic voicing contrast for stops is maintained
as a phonetic contrast between voiceless plosives and voiced approximants, e.g., bota (boot) - boda (wedding), /bota/ -
/boda/ = [bota] - [boda] (see Martinez Celdran, 1984). In word final position, the contrast is maintained as a phonetic
contrast between a voiceless plosive' and a fricative which may be voiced or partially or fully devoiced, e.g., bit (binary

'The word final voiceless stop is restricted to recent loanwords.
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digit) - vid (vine), /bit/ - /bid/ = [bit] - [bid] or [bif]. Preconsonantally, the post-vocalic voicing contrast is generally
not maintained, e.g., atmdsfera (atmosphere) - admirar (admire), /at'mosfera/ - /admi'rar/= [atm...] or [adm...] or
[a0m...] - [adm...] or [adm...] (see D’Introno, Del Teso, & Weston, 1995).

The present study was designed to determine how Spanish-speaking learners of English perceive the English
post-vocalic stop voicing contrast (specifically for /t/ and /d/), and whether exposure to English would lead to more
English-like perception. Reference will also be made to acoustic production data as it relates to findings for perception
(a full analysis of production data will be reported elsewhere). Some studies have investigated vowel perception whilst
varying consonant voicing (e.g., Morrison, in press), and others have investigated consonant voicing perception whilst
varying vowel duration (e.g., Hillenbrand et al., 1984; and Crowther & Mann, 1992), yet others have used a word
identification task, reflecting the real-life situation where listeners must simultaneously identify both vowel and consonant
(e.g., Mermelstein, 1978). The present study will make use of a word identification task which also tested the participants
perception and production of the English /i/-/1/ contrast (Spanish only has one high front vowel). Vowel perception results
were reported in Morrison (2002a, 2002b) and vowel production results will be reported elsewhere.

2. Methodology
2.1 Participants

Spanish speaking participants were three women and two men with a mean age of 20 (range 18-22). They had
been raised in Mexico,” as children, they had not been immersed in any language other than Spanish, and they had never
lived outside Mexico for a period of more than three months. They had studied English in school for 12-15 years, starting
at ages 4-6. They had completed some university training in Mexico, and were university students at Anglophone
universities in western Canada taking regular undergraduate courses and no language courses. They had lived in western
Canada for approximately one month (range 3-6 weeks) prior to data collection.

Native English speaking participants were three women and four men with a mean age of 30 (range 25-38). They
had been raised in Anglophone regions of Canada west of Quebec, were graduates of Anglophone universities in western
Canada, and had been living in western Canada for at least one month prior to data collection.

2.2 Stimuli

English production and perception stimuli consisted of the words bit - bid - beat - bead, /bit/ - /bid/ - /bit/ - /bid/
embedded in the carrier sentence “What they 're wearing are ____ suits.” The choice of /s/ immediately following the
target words was designed to ensure that the stop would be released (an affricated release) so that stop closure duration
would be measurable. Spanish production stimuli consisted of the words bit - biti - biti - bid - bidi - bidi, /bit/ - /'biti/ -
/bi'ti/ - /bid/ - /b'idi/ - /bi'di/ in the carrier sentence “Lo que llevan son ___ suyos” (What they 're wearing are ___ of
theirs).

For both the English and Spanish production stimuli, the carrier sentences were written four times each in
random order, with additional sentences added at the beginning and end to prevent list effects. In the English stimuli, the
target words were represented by pictures: a bit of pie, someone making a bid at an auction, a musical beat, and a bead.
Pictures were used to avoid orthographically based errors: The letter i in English bif and bid represents English /1/ but
in Spanish orthography it represents a vowel which is closer to English /i/.

English perception stimuli consisted of edited natural speech based on the productions of a 34 year-old male
monolingual English speaker who had lived all his life in western Canada. A multidimensional continuum was created
in which acoustic properties varied along the following dimensions: vowel spectra (5 points, equally spaced in mel),
vowel duration (7 points, equal logarithmic steps), stop closure duration (5 points, equal logarithmic steps), and speaking
rate (2 points, sentence durations of 1.541 and 1.265 s excluding the duration of the target VC). The dimensions are
represented visually in the cuboids shown in Figure 1, and spectral and duration values are given in Table 1. Stop closures
consisted of periods of silence with no glottal pulsing. For details of the stimuli production procedures see Morrison
(2002a).

?Several studies (Flege, 1991b; Flege, Munro, & Skelton, 1992; Flege, Bohn, & Jang, 1997; Escudero, 2000,
2001a,2001b) used Spanish speakers from a number of countries; however, Godinez (1978) and P. Escudero (personal
communication, 11 June 2001) found considerable differences in the production and perception of Spanish vowels by
speakers of different Spanish dialects. Only participants from Mexico were therefore recruited in order to minimise
dialectal variation.



Table 1 Spectral values at the midpoints of the vowels, and durations of vowels and stop closures in the perceptual stimuli.

Dimension Spectral properties Stop Vowel
point F1 F2 F3 duration  duration
Hz mel Hz mel Hz mel ms ms
1 410 496 1700 1433 2465 1793 40 60
2 370 454 1834 1503 2569 1836 58 72
3 330 412 1974 1572 2676 1878 84 86
4 292 370 2121 1642 2786 1921 122 104
5 255 328 2275 1712 2900 1964 177 124
6 149
7 179

slow speaking rate abrt Vit

>bid <bid

fast speaking rate

short

Figure 1 Cuboids representing the dimensions along which the perceptual stimuli vary. Vowel duration (durv) from front to back: 1 is
shortest and 7 longest. Vowel spectral properties (spec) from right to left: 1 is most /1/-like and 5 most /i/-like. Stop closure duration
(durc) from bottom to top: 1 is shortest and 5 longest. Speaking rate: left cube is slow and right cube is fast. Dots represent individual
stimuli. The triangles represent the position of typical “bit, beat, bid, bead” produced by the model speaker.

2.3 Data collection

Participants were trained to interpret the pictures: The investigator elicited the words using picture cards and
without pronouncing the words himself. The participants then practised reading the English production stimuli until the
investigator was satisfied that they could do so fluently. The participants were then recorded reading the English stimuli.
The Spanish participants also read the Spanish stimuli. Recordings were made in a soundproofed room using a Sony
MZS-R5ST Mini Disc recorder and a Sony ECM-MS907 microphone.

Participants listened to the perception stimuli presented in random order via MEDS computer software (Kendall,
2001) over Optimus HP340 headphones. They responded to each stimulus by clicking on one of five pictures on the
computer screen. Four of the pictures were the same as those used to represent bit, beat, bid, and bead in the production
stimuli. The fifth picture, an X, was a null response which the participants were instructed to use if they heard a word other
than one of the four target words.

English production and perception data were collected from the Spanish participants on two occasions:
approximately one month and six months after their arrival in Canada. Spanish production data were collected once:
immediately following collection of the first set of English production data. Production and perception data were collected
from the English participants once.



3. Results and Discussion

Although it should be remembered that the identification task required word identification, for sake of simplicity
of presentation, reference will be made to vowel perception and stop voicing perception.

English listeners identified the vowels according to vowel spectral properties with a categorical boundary at
spectral continuum point 3. In the initial identification test, Spanish listeners did not have categorical perception of the
vowels but did have a tendency to identify longer vowels as /i/. In the final identification test, four of the five Spanish
participants had categorical perception of the vowels, one (participant SP02) had an English-like spectral boundary, and
three (SP03, SP04, and SP06) had duration boundaries at vowel duration point 4. For details of vowel perception results
see Morrison (2002a, 2002b).

3.1 English listeners’ consonant perception

Two of the Canadian English participants identified
almost all of the stops as voiceless. For these participants it
seems that the lack of glottal pulsing was the only cue they
attended to, and vowel and consonant duration cues alone
were insufficient to give the perception of phonemic voicing.
The remaining five English participants tended to identify
stimuli with long vowels as having voiced consonants, Figure
2 shows the modal stop identification pattern for these
listeners. Boundaries tended to be fuzzy and were not
consistent across listeners. One listener had a boundary
around vowel duration points 2 and 3, and one around
duration points 4 and 5. The other three listeners’ stop
voicing perception interacted with their vowel perception:
One listener had a stop voicing boundary at vowel duration
point 5 when the vowel was identified as /i/, and at point 3
when the vowel was identified as /1/; for another listener the
boundaries were at points 6 and 3 respectively; and for the
third at points 6 and 4. No speaking rate effects were
observed.

These results are consistent with Hogan &  Figure 2 Modal responses to perception test from all English
Rozsypal’s (1980) finding that, for Canadian English participants who gave both voicgd and voiceless consonant
. o . responses (speaking rates combined).
listeners, vowel duration is a perceptual cue to post-vocalic
consonant voicing when the vowel is a high vowel.
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3.2 Spanish listeners’ consonant perception

In the initial perception test, three Spanish listeners’ stop voicing identification was random. The other two
listeners (participants SP04 and SP06) had categorical perception of voicing. Figure 3 shows the stop identification
pattern for these listeners. Unlike the English listeners, they based their consonant identification primarily on the spectral
properties of the vowels; they had a categorical boundary around spectral point 3. These listeners also made secondary
use of vowel duration: vowels with spectral values 3 and 2 were more likely to lead to voiced stop identifications if the
vowels were long. No speaking rate effects were observed. In the final test, the first three listeners continued to have
random identification patterns for stop voicing, and the other two continued to have categorical perception based on
vowel spectral properties. SP04 had a greater separation between voiced and voiceless identifications in the final test
(fewer voiceless identifications for stimuli with spectral values 1 and 2, and fewer voiced identifications for stimuli with
spectral values 4 and 5), and SP06 had less separation. Clearly no Spanish participant had learnt to identify consonant
voicing via the same vowel duration cues that the majority of English participants used.

The perception results from SP04 and SP06 are surprising: they used vowel spectral cues to identify the voicing
of the stops in the stimuli, but did not use spectral cues to identify the vowels themselves. Although as reported above,
a low F1 has been reported to cue the perception of voicing for native English listeners, these Spanish listeners gave
voiced responses to stimuli containing vowels with a high F1. Acoustic data from the Spanish participants’ Spanish and
English productions and from the English participants’ productions were examined in a search for correlates which might
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Figure 3 Responses to slow speaking rate stimuli by Spanish participants who had categorical perception of consonant voicing.

Responses to the fast speaking rate stimuli were similar.

help explain the perception results. The only potentially relevant correlation found was that there was a slight tendency
for the F2 offset in the Spanish speakers’ /i/ to be lower before /d/ than before /t/, see Figure 4. The differences in F2
offset may be due to differences in tongue position necessary to articulate the dental plosive realisation of /t/ versus the
approximant and fricative realisations of /d/. When data from all speakers were included in a mixed-design ANOVA with
word as a fixed factor, participant as a random within group factor, and F2 offset frequency in Hertz as the dependent
variable, the difference in F2 offset across words did not reach statistical significance at an o level of .05: F(5, 24)=.132,
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Figure 4 Mean F2 contours pooled across all Spanish speakers’
productions of Spanish words. Contours interpolated from
measurements taken at 30, 50, and 70% of the duration of the vowel,
at the vowel offset, and, when applicable, at the centre of the
following approximant.

p = .984. The difference was more pronounced for
participants SP03 and SP06, and when only data from
these participants were included in the ANOVA, the
difference was significant: F(5, 6) = 20.274, p = .001.
Post hoc Tukey tests found no significant difference in
F2 offset between bid, bidi, and bidi, which were all
significantly different from biti, and bi#i with no
significant difference between the latter two. The F2
offset for bit was significantly different from all other
words except for bidi; however, this difference just
failed to reach significance: p = .052. It is therefore
possible that the higher F2 offset in vowels preceding
Spanish /t/ compared to vowels preceding Spanish /d/
caused Spanish listeners SP04 and SP06 to identify
English vowel stimuli with /i/-like spectral properties as
preceding /t/ and stimuli with /1/-like spectral properties
as preceding /d/.

4. Conclusion

The majority of native English listeners tested
identified silent-closure stops as voiced or voiceless /d/
or /t/ according to the duration of the preceding vowel:
stops preceding a longer vowel where more likely to be
identified as voiced. For some English listeners, /i/ had



to be longer than /1/ in order to elicit voiced stop responses.

The majority of Spanish listeners had a random identification pattern for stop voicing. Two Spanish listeners
used the spectral properties of the vowel to identify the voicing of the following stop, but failed to use vowel spectral
properties to identify the vowels themselves. Vowels with /i/-like spectral properties were perceived as being followed
by /t/, and vowels with /1/-like spectral properties were perceived as being followed by /d/. The identification pattern may
be a result of differences in Spanish: the F2 offsets of two participants’ Spanish /i/ productions preceding Spanish /d/
were found to be lower than the F2 offsets preceding Spanish /t/. Further research including a larger number of
participants is needed to determine whether the observed pattern for Spanish listeners’ identification of English stop
voicing is widespread, whether the F2 offset difference before productions of Spanish /t/ and /d/ is widespread, and
whether the F2 offset difference is a relevant perceptual cue in Spanish.
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