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ABSTRACT 
 
 
 
 

This study examined the temporal-acoustic differences between trained singers and nonsingers, 
males and females, and during speech and singing tasks. Sixty participants were separated into 
four groups of fifteen according to level of vocal training and gender. Two speech and singing 
tasks were recorded. Each task included a short phrase containing an English bilabial voiced or 
voiceless stop consonant in the word-initial position. VOT was measured for the stop consonant 
productions. Mixed-ANOVAs were completed for each phoneme to examine the effects of 
vocal training, phonatory task, and gender on VOT. Significantly longer mean VOTs occurred 
during speaking for both /p/ and /b/. No overall significant mean VOT differences between the 
trained singers and nonsingers or the females and males were noted for /p/ or /b/. Furthermore, 
a significant phonatory task by gender interaction was characterized by similar /p/ VOT for 
males and females during singing, but significantly longer /p/ VOT for females than males 
during speaking. A significant phonatory task by vocal training interaction was characterized 
by shorter /p/ VOT for the trained singers during singing, as compared to the nonsingers, and 
longer /p/ VOT for trained singers during speaking, as compared to the nonsingers. No 
significant interactions were observed for the /b/ VOT productions. These results indicated that 
VOT may be an effective measure for examining vocal tract adjustment differences between 
speech and singing. In conclusion, the results provided a direction for future researchers 
interested in further exploring relations between temporal-acoustic measures and physiologic 
vocal tract adjustments during speech and singing. 
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CHAPTER 1 
 

REVIEW OF LITERATURE 
 

Physiologic Influences of Vocal Training 

 
The term “singing” has been defined simply as producing musical tones by means of the 

voice (Vennard, 1967). Although the definition appears to be fairly simple, the act of singing is 
much more involved and quality singing requires vocal training. Even though anyone with a 
normal functioning larynx can sing, it has been shown that individuals without vocal training 
may have difficulty producing a desired pitch, loudness, and timbre. For example, Murry 
(1990) examined pitch matching accuracy over repeated trials for five female trained singers 
and five female nonsingers. Murry reported that the trained singers displayed the ability to 
match a tone within their fundamental frequency range more accurately than the nonsingers. 
Furthermore, the trained singers’ pitch matching skills improved over multiple trials, whereas 
the nonsingers’ accuracy remained stable. 

 It has been suggested that trained singers are perceived to sing better than nonsingers 
because trained singers learn to perform a variety of phonatory and articulatory/resonatory 
adjustments during singing that nonsingers do not (Brown, Rothman, & Williams, 1978; 
Gauffin & Sundberg, 1989; McGlone, 1976; 1977; Ship & Izdebski, 1975; Sundberg & 
Rothenberg, 1986). Brown et al. (1978) compared x-ray pictures of four female trained singers 
and four female nonsingers while speaking consonant-vowel-consonant (CVC) words and 
arpeggio singing. Specifically, vertical and horizontal tongue and mandible position, as well as 
hyoid position were examined. It was reported that the female trained singers displayed greater 
tongue and mandible position displacement than the nonsingers during the singing task, but 
similar positions during CVC word production.  

Shipp and Izdebski (1975) compared vertical laryngeal position in four male trained 
singers and four male nonsingers during sustained vowel production across the participants’ 
frequency ranges. They reported that the trained singers maintained relatively low vertical 
laryngeal position across frequencies, whereas the nonsingers raised their vertical laryngeal 
position as frequency increased. Shipp and Izdebski’s findings were supported by acoustical 
models based on the vocal tract configurations of male trained singers during singing 
(Sundberg, 1974; 1977). The models and x-ray studies of laryngeal function were used to 
explain that a low laryngeal position during phonation results in a widening of the laryngeal 
ventricle and pyriform sinuses, and has been linked with high frequency amplification and the 
singing formant in trained male singers (Sundberg, 1970; 1973; 1974; 1977). 

Sundberg and Rothenberg (1986) examined inverse filtering and subglottal pressure 
estimation to compare the phonatory function of six male trained singers and six male 
nonsingers during loud and soft productions of /pæ/ at various fundamental frequencies. They 
reported that the trained singers used less vocal fold adductory force than the nonsingers when 
loudly phonating at high frequencies. Thus, the trained singers increased loudness and 
frequency by decreasing the amount of laryngeal muscle tension associated with vocal fold 
adduction, resulting in increased flow through the glottis. The nonsingers, however, displayed 
increased vocal fold adductory force, which in turn increased laryngeal muscle tension during 
loud phonation of high frequencies. The results indicated that the nonsingers relied more on 
increased laryngeal muscular tension to produce loud, high frequency tones than a combination 
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of air flow and vocal fold vibration. Sundberg and Rothenberg’s results support the concept 
that trained singers and nonsingers use different laryngeal strategies during singing tasks. 

When considering physiologic differences between trained singers and nonsingers, 
gender also must be examined. It should be noted that some of the physiologic differences 
between trained singers and nonsingers are gender dependent. For example, Shipp and Izdebski 
(1975) reported that male trained singers maintained a relatively low vertical position 
throughout their pitch range, whereas Pabst and Sundberg (1993) reported a systematic co-
variation between pitch and larynx height in three female trained singers. Thus, vertical 
laryngeal position differences between trained singers and nonsingers appear to be gender 
specific. 

Gender Differences Across Singers 

 
Gender differences between males and females have been explained by examining the 

basic anatomical differences and the acoustic consequences of various vocal tract adjustments. 
Female speakers are generally perceived to speak and sing at a higher frequency than males.  
Baken and Orlikoff (2000) provided data that indicate that the modal fundamental frequency of 
young male speakers falls within 85 – 155 Hz, and the modal fundamental frequency range of 
young females falls within 165 – 255 Hz. Gender differences in frequency range have been 
attributed to anatomical differences in the membranous vocal fold length and thickness (Titze, 
1989). Titze (1989) reported that males tend to have a 60% greater membranous vocal fold 
length than females. Furthermore, Titze explained that the longer and thicker membranous 
portions of the male vocal folds result in a lower frequency range than females because vocal 
fold mass slowed the vibratory rate.  

In addition to basic anatomical vocal fold differences between male and female singers, 
differences in acoustic energy patterns also may explain why male singers tend to display 
relatively low vertical larynx positions and female singers do not. Sundberg (1977) explained 
that during operatic singing, singers need to boost the high frequencies to be heard over an 
orchestra. It was reported that an orchestra shows the highest intensity at approximately 450 
Hz, whereas above 450 Hz the amplitude decreases sharply as frequency increases (Sundberg, 
1977). Thus, to be heard over an orchestra trained singers need to sing in a manner that 
amplifies frequencies higher than 450 Hz. Male singers are able to amplify high frequencies by 
lowering the larynx during phonation, which results in an union of the third, fourth, and fifth 
formants (Sundberg, 1977). This combining of the third, fourth, and fifth formants provides an 
increase of amplitude for the high frequencies between 2500 Hz and 3000 Hz, called the 
singing formant (Sundberg, 1977).Thus, the male singer can be heard over the orchestra. 

Female singers on the other hand, tend to amplify their singing by changing the size of 
the jaw opening and drawing back the corners of the mouth (Sundberg, 1977). Lowering the 
larynx during high frequency production would vocally strain the female singer’s vocal folds 
because of the difference in vocal fold length (Titze, 1989). Instead, female singers increase 
their jaw and mouth opening size to match the first formant frequency to the fundamental 
frequency, thus allowing the first formant to enhance the amplitude of the fundamental 
frequency (Sundberg, 1977). Increasing the amplitude of the fundamental frequency results in 
an amplitude increase across the entire frequency range, including frequencies between 450 Hz 
-1000 Hz (Sundberg, 1977), thus the female singer can be heard over an orchestra.  
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Acoustic Correlates of Singing Physiology 

 
Gender differences in the voice may be relatively easy to define by comparing acoustic 

measures such as fundamental frequency, or comparing known anatomical and physiologic 
laryngeal differences between men and women, but the same approach cannot be used when 
examining acoustic differences between trained singers and nonsingers. Reliable acoustic 
correlates to the above noted physiologic adjustments made by singers have, for the most part, 
eluded researchers for the last 35 years. The identification of acoustic measures that accurately 
reflect physiologic adjustments would be useful to voice researchers and vocal instructors. For 
example, the progress of singing students is determined by the judgments of the singing 
teacher. These judgments frequently involve having the singing student perform in front of a 
panel of instructors, with advancement or retention based on the panel’s perception of the 
singer’s musical knowledge and vocal ability. Although these panels are comprised of skilled 
and experienced vocal instructors, it could be argued that personal bias and other subjective 
factors may influence a judge’s decision. The development of objective, quantifiable measures 
of a singer’s ability could support the judgments of vocal instructors.  

Furthermore, objective acoustic measures could be used by voice teachers for 
instructional purposes. For example, acoustic measures often provide a visual display of the 
voice signal that is interpreted by a researcher. Voice teachers could use the visual display of 
acoustic measures to point out specific strengths and weaknesses, and provide the singing 
student with an objective, visual goal. Unfortunately, only limited correlations between the 
previously mentioned physiologic adjustments and acoustic speech signal have been 
uncovered. 

Over the last 35 years, voice researchers have attempted to correlate the phonatory and 
articulatory movements of trained singers with changes in the acoustic voice signal (Brown, 
Rothman, & Sapienza, 2000; Lindblom & Sundberg, 1971; Rothman, Brown, Sapienza, & 
Morris, 2001; Schutte & Miller, 1983; Sundberg, 1970; 1973; 1974; 1977). In a series of 
studies Sundberg (Lindblom & Sundberg, 1971; Sundberg, 1970; 1973; 1974; 1977) has 
correlated vocal tract adjustments with changes in the acoustic signal through examination of 
long-term average spectra (LTAS), lateral x-ray pictures, and mathematical models of vocal 
tract function. Sundberg (1970) constructed a mathematical model of vocal tract function based 
on the x-ray pictures and LTAS of three male trained singers during spoken and sung vowel 
production. Sundberg used this model to examine the acoustic consequences of vocal tract 
changes in the width of the pyriform sinuses and laryngeal ventricle, overall vocal tract length, 
and tongue tip position. Sundberg reported that increases in the width of the pyriform sinuses 
and laryngeal ventricle resulted in an increase of energy between 2500 Hz – 3000 Hz. The 
increase of energy between 2500 Hz and 3000 Hz were later confirmed through a series of 
subsequent studies (Sundberg, 1973; 1974; 1977). The increase in spectral energy at high 
frequencies was termed the singing formant because it was observed for male and female 
trained singers during singing (Bloothooft & Plomp, 1986b; Sundberg, 1970; 1973; 1974; 
1977; Schutte & Miller, 1983). Furthermore, the singing formant was associated with a 
perceptual vocal “ring” or “brightness” described by vocal pedagogues (Bartholomew, 1934; 
Miller, 1977; Vennard, 1967), and has been used as a qualifier of “good quality” singing 
(Kitzing, 1986; Wedin, Leanderson, & Wedin, 1978).  

Although the presence or lack of the singing formant during sustained vowel production 
has been shown to differentiate trained singers from nonsingers, its specificity in reflecting 



  

 4

vocal training is questioned. Bloothooft and Plomp (1986b) examined the effects of 
fundamental frequency, sound pressure level, and singing mode on the singing formant of 
seven male and female professional singers. In addition to reporting that sound pressure level 
and singing mode affected the location of the singing formant, it was reported that two of the 
female singers did not display a singing formant, despite being outstanding professional 
singers. However, the acoustic signal from the female singers may reflect the fundamental 
frequency to first formant matching done by females that may not be characterized by the 2500 
Hz – 3000 Hz energy boost found among male singers.  

Bloothooft and Plomp (1986b) did not include perceptual measures but it was highly 
unlikely that listeners would mistake two professional soprano singers with nonsingers during 
sustained vowel production. For example, Brown et al. (2000) asked 30 listeners to identify 20 
trained singers and 20 nonsingers based on spoken productions of a standardized passage and 
sung productions of America the Beautiful. The trained singers were correctly identified as such 
from sung utterances with 88% accuracy, whereas listeners correctly identified the trained 
singers from spoken samples with 50% accuracy, which was no better than chance. 
Furthermore, nonsingers were correctly identified from sung utterances with 86% accuracy, 
and correctly identified from spoken utterances with 63% accuracy. Brown et al. concluded that 
the trained singers were easily separated from the nonsingers during singing, but not as reliably 
during speaking. The fact that two highly trained singers from the Bloothooft and Plomp 
(1986b) study did not display a singing formant reinforced the assertion that examination of 
spectral slope may not be an effective acoustic measure of perceptually obvious differences 
between trained singers and nonsingers during singing.  

Bloothooft and Plomp (1984; 1986a) also examined the LTAS differences between 
seven professional male and seven professional female singers during different modes of 
singing, along the following ranges: light-dark, pressed-free, soft-loud, and straight-vibrato. 
Differences in spectral shape were reported between the various modes of phonation, including 
lower formant frequencies for the dark mode of singing and higher formant frequencies for the 
pressed mode of singing. In addition, the singing formant remained relatively stable across the 
mode of production, including pressed mode. The presence of a singing formant during pressed 
singing was surprising because a pressed mode of singing was associated with increased 
laryngeal muscular tension and raised larynx position (Bloothooft & Plomp, 1986a; Sundberg 
& Askenfelt, 1983). Increased laryngeal tension and raised vertical laryngeal position result in 
a narrowing of the pharynx and a shortening of the vocal tract, which would be the opposite 
vocal tract configuration associated with the singing formant (Sundberg, 1970; 1977). 
Furthermore, neither increased laryngeal tension nor increased laryngeal height is a desirable 
trait of good singing technique (Miller, 1977; Vennard, 1967). Although examination of LTAS 
for the singing formant can be used to differentiate the sung productions of trained singers from 
nonsingers, previous results indicated that one cannot specifically correlate the singing formant  
with a wide pharynx, wide laryngeal ventricle, and/or overall lengthening of the vocal tract. 
Therefore, it seems that further research attempting to find reliable acoustic measures to reflect 
vocal tract configuration during singing is needed.  

Whereas the examination of LTAS for the presence of the singing formant has provided 
a means that can frequently differentiate between trained singers and nonsingers, other acoustic 
measures have shown less promise. As mentioned earlier Brown et al. (2000) compared the 
speech and singing productions of America the Beautiful for 20 trained singers and 20 
nonsingers. In addition to perceptual judgments, a series of acoustic measures were conducted 
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to acoustically distinguish the trained singers and nonsingers. The acoustic measures included 
standard deviation of fundamental frequency, jitter, shimmer, noise-to-harmonics ratio, and a 
series of duration measures. The duration measures included sentence, word, and syllable 
duration, as well as consonant-to-vowel duration ratio for individual words. Only male standard 
deviation of fundamental frequency and male perturbation measures during speech displayed 
significant trained singer and nonsinger differences.  None of the acoustic duration measures 
displayed significant differences between the trained singers and nonsingers.   

Although no durational differences were noted for the results of Brown et al. (2000), 
imprecise description of the various durational measures impeded the interpretation of the 
findings. For example, though the method for determining beginning and ending points of 
measurement for sentence and word duration was fairly clear, measurement boundaries for 
syllable duration and consonant-to-vowel ratio were not as clearly described. In particular, 
when measuring consonant-to-vowel ratio, Brown et al. (2000) did not provide information on 
how the starting and stopping points of measurement were determined, or how the consonant-
to-vowel duration ratio was calculated. Without this information, it was impossible to replicate 
Brown et al.’s findings (2000).  

Another difficulty with the results of Brown et al. (2000) was that duration comparisons 
of trained singers and nonsingers were completed only for the speech tasks. Examination of 
previous research designed to compare trained singers and nonsingers revealed that the two 
groups frequently display similar measures during speech, but differences during singing. 
Brown et al. (1978) compared the lingual and mandibular positions of four female trained 
singers and four female nonsingers during speech and singing tasks. Their examination of 
cineradiography revealed that the trained singers and nonsingers displayed similar lingual and 
mandibular movements during sentence reading and isolated word production (Brown et al., 
1978). During arpeggio singing, however, the trained singers displayed increased vertical and 
horizontal lingual and mandible excursions in comparison to the nonsingers. Furthermore, 
McGlone (1976) examined lingual pressure and time of contact in five trained singers and five 
nonsingers during speech and singing tasks. Speech lingual pressure and time of contact for the 
trained singers and nonsingers were similar, but during singing the trained singers displayed 
stable lingual pressure measures, whereas the nonsingers displayed variable lingual pressures. 
McGlone (1976) reported that the variable lingual pressures of the nonsingers indicated lingual 
quivering and less precise lingual control than the trained singers. Given the previous reports 
that trained singers and nonsingers display similar articulatory and phonatory characteristics 
during speech, but different characteristics during singing, it was reasonable to assume that a 
similar pattern may have occurred for the trained singers and nonsingers in the Brown et al. 
(2000) study. Without examining durational measures in trained singers and nonsingers during 
singing, Brown et al. may have missed a significant durational difference between the groups. 

Although Brown et al. (2000) did not find articulatory differences between trained 
singers and nonsingers using temporal-acoustic measures, the importance of consonant 
articulation during singing should not be overlooked. Vennard (1967) discussed the importance 
of articulation in singing and reported that consonants are an important aspect of lyrical 
singing, by which the linguistic meaning of a song is expressed. However, Vennard (1967) 
conceded that trained singers may not be up to this task during vocally challenging musical 
pieces, and states that, “…frequently upon such high notes or in such florid work good 
pronunciation suffers.” Titze (1994) further noted that speech intelligibility is sometimes 
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compromised in lieu of musical phrasing. Unfortunately, data are lacking with regard to the 
accuracy of specific consonant articulation during a singing task. 

Despite Brown et al. (2000) not finding any speech duration differences between trained 
singers and nonsingers, Rothman et al. (2001) reported significant differences in word length 
and alveolar stop closure duration among perceptually identified singers, perceptually 
unidentified singers, and nonsingers. Naïve listeners correctly identified five of 20 trained 
singers based on standard passage readings from a total of 20 singers and 20 age-matched 
nonsingers. The speech samples of the five correctly identified trained singers were 
acoustically analyzed for mean speaking fundamental frequency, sentence duration, word 
duration, and consonant-to-vowel duration ratio. It was reported that the perceptually identified 
trained singers displayed significantly longer word durations for the word “white” than the 
nonsingers or unidentified singers. In addition, the perceptually identified singers displayed 
significantly shorter stop closure durations for /t/ taken from the word “white,” than the 
unidentified singers or the nonsingers. Although similar word and stop closure duration 
differences were not seen across other words or stops, the results indicated that temporal-
acoustic differences may occur between trained singers and nonsingers during speech.  

In addition, Rothman, Brown, and Lafond (2002) examined spectral changes and 
sentence duration changes associated with recording environment across ten trained singers, ten 
nonsingers, and ten actors. Rothman et al. (2002) examined recordings of a standard passage 
read in a sound-treated booth, an empty auditorium, and an empty auditorium imagined to be 
full. Spectral changes were noted between recording environments for the trained singers by the 
emergence of a prominent speaker’s formant for sentences produced in an empty auditorium, 
while imaging it was full. The nonsingers and actors did not display spectral shape differences 
across recording environment. The trained singers also displayed significantly longer sentence 
durations than the actors or nonsingers for productions read in an empty auditorium, while 
imagining it was full. Rothman et al. explained that the trained singers increased intensity and 
speaking fundamental frequency, as well as became more “melodious” when pretending to 
perform in front of a full house. Although recording environment was the primary factor of 
interest, the results from Rothman et al. (2002) indicated speech duration differences between 
trained singers and nonsingers. The results of Brown et al. (2000), in comparison to Rothman et 
al. (2001) and Rothman et al. (2002) indicate the need for further research to examine 
temporal-acoustic differences between trained singers and nonsingers during speech. 

 
Voice Onset Time 

 
The task of examining the articulation of consonants during speech and singing can be 

accomplished through temporal-acoustic measures. Voice onset time (VOT) has been 
established as an important acoustic measure used to distinguish voiced from voiceless stop 
consonants across a variety of languages (Lisker & Abramson, 1964; 1967). VOT is defined as 
the interval between the release of an oral constriction of a stop consonant and the start of vocal 
fold vibration for the following vowel (Lisker & Abramson, 1964). VOT is widely recognized 
as a reliable and easily measured correlate of an important and precisely regulated aspect of 
speech motor coordination (Baken & Orlikoff, 2000).  

The effectiveness of VOT as a tool to help researchers and clinicians distinguish stop 
consonants has been thoroughly examined (Baran, Laufer, & Daniloff, 1977; Klatt, 1975; 
Lisker & Abramson, 1964; 1967; Port & Rotunno, 1979; Weismer, 1979; Zlatin, 1974). VOT 
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can be interpreted from an articulatory and/or phonatory perspective. Lisker and Abramson 
(1964; 1967) were the first to demonstrate that VOT can be used to categorize English stop 
consonants based on place of articulation and voicing. For example, the voiced English stops 
/b, d, g/ display approximate average VOTs of 11, 17, and 27 milliseconds (msec), respectively 
(Baum & Ryan, 1993; Klatt, 1975), whereas the voiceless English stops /p, t, k/ display 
approximate average VOTs of 45, 65, and 70, respectively (Klatt, 1975; Zlatin, 1974). It was 
noted that the voiced stops display significantly shorter VOTs than the voiceless. Furthermore, 
within each voicing category, the bilabial, /p, b/, alveolar, /t, d/, and velar, /k, g/, stops all 
display increasing VOT as the place of articulation becomes more posterior in the oral cavity; 
allowing researchers to determine not only the voicing, but also the place of articulation.  

In addition, similar to making physiologic judgments based on the energy patterns in the 
acoustic signal, such as Sundberg (1973; 1974; 1977) and others (Lindblom & Sundberg, 1971; 
Schutte & Miller, 1983) have done, judgments regarding phonatory function can be made from 
durational measures of the acoustic speech signal. Tyler and Watterson (1991) compared VOT 
for 15 hyperfunctional voice users and 15 normal voice users. They reported that the 
hyperfunctional speakers displayed longer VOT than the normal speakers during voiced and 
voiceless stop consonant word production. They concluded the increased VOT measures for the 
hyperfunctional voice patients reflected difficulties in vocal fold approximation associated with 
hyperfunctional voice disorders (Tyler & Watterson, 1991).   

Given the effectiveness of VOT at indicating subtle articulatory-phonatory interaction 
differences in speech production, it may prove an effective measure for acoustically 
representing the previously reported physiologic differences between trained singers and 
nonsingers. As such, it may be a useful, non-invasive method for documenting the articulatory-
phonatory aspects of vocal training during both speech and singing.  

McCrea and Morris (2004) examined VOT for voiced and voiceless stop consonants in 
five male trained singers and five male nonsingers during speech and singing tasks, and 
reported significantly longer VOTs for the trained singers when compared to the nonsingers for 
both singing and speaking. It was suggested that the relatively long VOTs of the trained singers 
resulted from increased lingual control and lingual pressure. McGlone’s (1976) report 
supported this proposed explanation for the VOT difference. He found no significant 
differences in lingual pressure or time of contact during speech, but during singing the trained 
singers displayed stable lingual pressure measures and the nonsingers displayed variable 
lingual pressures. The greater variability among the nonsingers indicated lingual quivering and 
less precise lingual control than the trained singers during singing tasks.  

In addition, McCrea and Morris (2004) did not find significant VOT differences 
between sung and spoken productions. In their study, McCrea and Morris analyzed VOT from 
recordings captured in a sound treated booth. However, as reported earlier Rothman et al. 
(2002) reported that recording environment may influence speech duration measures of trained 
singers and nonsingers. Comparing spoken and sung stop consonant productions recorded in a 
sound-treated booth may explain the lack of significant VOT differences. Further researcher is 
needed to determine if different recording environment would affect the manner of production 
for trained singers and nonsingers, and possibly VOT.  

As described earlier in this paper, men and women display significant differences in 
fundamental frequency range and LTAS pattern. Examination of VOT research has also 
revealed significant gender differences in VOT. Swartz (1992) reported that eight female 
speakers displayed significantly longer VOTs than eight male speakers during sentence reading 
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containing the alveolar voiced and voiceless stops /d/ and /t/. Swartz speculated that the shorter 
male VOTs were associated with a faster rate of speech than the females; although no 
significant correlation between speaking rate and VOT was observed. Ryalls, Zipprer, and 
Balduaff (1997) also examined the effects of gender on VOT in 10 male and 10 female 
nonsingers. Ryalls et al. reported that the female speakers displayed significantly longer VOTs 
than males during production of isolated words containing voiced and voiceless stops in word-
initial position. Ryalls et al. offered no explanation for the gender differences, citing too many 
gender-related acoustic and anatomical differences, such as gender differences in vocal fold 
length and thickness, fundamental frequency, and supra-glottal cavity volume. Although, Smith 
(1978) also reported gender differences for VOT scores, he reported longer voiced stop VOTs 
for 10 male nonsingers than 10 female nonsingers during production of 12 isolated words. 
Smith proposed that the gender differences were the result of supra-glottal cavity volume 
differences, which may have resulted in the longer stop consonant production for the males 
because of their typically greater vocal tract volume than females.  

Gender may be an influential factor when examining VOT, but the direction of the 
difference has not been determined. Unfortunately, different measurement techniques and 
speech contexts have made it difficult to compare results across studies. For example, Smith 
(1978) and Ryalls et al., (1997) included pre-voicing in VOT measurement of voiced stops, 
whereas Swartz (1992) and Whiteside and Irving (1997) did not include pre-voicing for voiced 
stop measurement. When examining VOT for voiced stop consonants, it is important to realize 
that three VOT value ranges may be seen, including negative VOT, zero VOT, or positive 
VOT. Negative VOT scores represents vocal fold vibration prior to the release of the oral 
constriction. Zero VOT represents the initiation of vocal fold vibration simultaneous to the 
release of the oral constriction. Finally, positive VOT is associated with the onset of vocal fold 
vibration after the release of the oral constriction (Klatt, 1975; Lisker & Abramson, 1964). 
Therefore, during voiced stop production Whiteside and Irving (1998) reported separate VOT 
results, in which one set of data included voicing lead and the other set did not. Interestingly, 
without including voicing lead, significant gender differences were reported for the /t/, /k/, and 
/g/ phonemes; however, analysis of the data set that included voicing lead in the measurement 
revealed significant gender differences for /p/, /t/, and /k/. Thus, the decision to include or 
exclude pre-voicing during VOT measurement may influence the results of a study. 

Furthermore, Ryalls et al. (1997) and Whiteside and Irving (1998) measured stop 
consonant VOT for men and women during isolated CVC word production, whereas Swartz 
(1992), Baken and Sweeting (1982), and Whiteside and Irving (1997) measured stop consonant 
VOT for men and women during phrase production. Previous research has shown that speech 
context (i.e., isolated words versus sentences) significantly influenced VOT, with VOT for 
isolated word production being longer than VOT for stops produced in carrier phrases (Auzou, 
Özsancak, Morris, Jan, Eustache, & Hannequin, 2000; Lisker & Abramson, 1967; Whiteside & 
Irving, 1997; 1998). The different measurement techniques and speech contexts make it 
difficult to determine whether the reported gender effects were actually related to gender 
differences or methodological differences. Further research might clarify these issues. 

 

Purposes and Hypotheses 

 

Trained singers and nonsingers consistently display articulatory and phonatory 
differences during singing and similar articulatory and phonatory patterns during speech 
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(Brown et al., 1978; Gauffin & Sundberg, 1989; McGlone, 1976; 1977; Ship & Izdebski, 1975; 
Sundberg & Rothenberg, 1986). Although these articulatory and phonatory differences allow 
listeners to perceptually distinguish the two groups during singing, the acoustic cues that 
perceptually separate trained singers and nonsingers have not been clearly identified. Spectral 
comparison of trained singers and nonsingers during singing revealed that trained singers 
display a distinct increase of energy in the high frequencies during vowel singing, whereas 
nonsingers typically do not display an increase in high frequency energy (Sundberg, 1977).  
Unfortunately, trained singers and nonsingers are not distinguished exclusively on the presence 
or absence of the singing formant. Previous research has indicated that temporal-acoustic 
differences may exist between trained singers and nonsingers, thus it may help to differentiate 
the two groups during speech and singing. In addition, previous research has indicated that 
gender may influence the manner in which trained singers and nonsingers speak and sing, 
although the direction of durational gender differences is not clear.  

Therefore, the first purpose of this study was to determine if trained singers and 
nonsingers display different VOTs. It was hypothesized that the trained singers would display 
significantly longer VOTs for bilabial stops than the nonsingers. The second purpose of this 
study was to examine if phonatory task (i.e., speech or singing) significantly affected VOT. It 
was hypothesized that the mean VOTs for the sung productions would be longer than those for 
the spoken productions. The third purpose of this study was to examine the effects of gender on 
VOT. It was hypothesized that significantly longer VOTs would be produced by the females as 
compared to the males.  

In addition to examining the main effects of vocal training, phonatory task, and gender 
on VOT, this study was designed to examine possible interactions among these factors. 
Although several interactions were possible, there was little or no evidence to indicate that any 
of the possible interactions would occur or in which direction the interaction would occur. 
Therefore, no hypotheses were proposed for the possible interactions. 
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CHAPTER 2 
 

METHOD 
 

Participants 

 
The participants for this study included 30 women and 30 men. The participants were 

further divided into subgroups of 15 female trained singers, 15 female nonsingers, 15 male 
trained singers, and 15 male nonsingers. The male trained singers ranged in age from 21-35 
years old (mean 27.8 years), and reported receiving an average of 9.37 years of private voice 
lessons. The female trained singers ranged in age from 21-33 years old (mean 24.1 years), and 
reported receiving an average of 7.47 years of private voice lessons. The male nonsingers 
ranged in age from 21-24 years old (mean 22 years), and the female nonsingers also ranged in 
age from 21-24 years old (mean 21.8 years). See Appendix A for individual participant age and 
years of vocal training. 

All participants were (a) nonsmokers, (b) between the ages of 21-35, (c) first-language 
General American English speakers, and (d) reported no history of neurological, vascular, or 
sensory-motor impairment, which would affect articulation, phonation, and/or respiration. 
Specific etiologies would include: traumatic brain injury, cerebral vascular accident, brain 
tumor, chronic obstructive pulmonary disease, asthma, or pneumonia. Each participant 
completed a questionnaire (Appendix B) to determine if they qualified for participation. These 
specific criteria were selected because of the examination of previous research, which indicated 
that gender (Hirano, Kurita, & Nakashima, 1983; Ryalls et al., 1997; Smith, 1978; Sulter, 
Schutte, & Miller, 1995; Swartz, 1992; Whiteside & Irving, 1997; 1998), smoking (Ryan, 
1954), age (Brown, Morris, Hicks, & Howell, 1993; Brown, Morris, Hollien, & Howell, 1991; 
Morris & Brown, 1994), primary language (Lisker & Abramson, 1964; 1967), and speech and 
language dysfunction (Auzou et al., 2000) may  influence the articulatory and/or phonatory 
function of the participants, and thus VOT. For example, Morris and Brown (1994) reported 
that elderly women (75 years and older) displayed greater within-subject variability than young 
women (20-35 years) for VOT. Lisker and Abramson (1964) reported that VOT varied across 
the languages of English, Dutch, Hungarian, Puerto Rican Spanish, Tamil, and Cantonese. 
Finally, Auzou et al. (2000) reviewed a large body of VOT literature and reported that 
individuals suffering from aphasia, apraxia of speech, and dysarthria all displayed unique 
VOTs during speech. 

Classification of participants into the vocally trained singer groups or the nonsinger 
groups was completed according to the level of vocal training reported by the participants. 
Trained singers included college graduate level choral or operatic trained singers. Thus, all 
participants classified as trained singers had previously received an undergraduate degree in 
vocal performance or music education from an accredited university music program. Type of 
vocal training, such as operatic or choral, was not considered a significant factor in this study 
because of an earlier study, comparisons of VOT for five male trained singers and five 
nonsingers revealed no significant differences between the average VOT of choral and operatic 
trained singers (McCrea & Morris, 2004). Classification of participants into the nonsinger 
group was based on their report that they had not received any form of vocal training since 
elementary school, including instruction received from singing in a band, middle school, high 
school, or college choir, or church choir.   
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Minimal sample size requirements varied across the factors of interest. Sample size was 
calculated by considering an alpha (α) of 0.05, a power level (1- β) of 0.90, and individual 
effect sizes, indexed by omega squared (ω2), for vocal training, gender, and phonatory task. 
Omega squared was hand calculated for each variable using either a formula from Kirk (1995) 
or a formula from Young (1993). Kirk’s formula was the preferred formula because it allowed 
for omega squared calculation specifically for mixed-ANOVA designs, which was utilized in a 
similar study by McCrea and Morris (2004). However, Kirk’s formula could not be used to 
calculate effect size for gender because of a lack of mean squared values for previous studies 
examining the effects of gender on VOT (Ryalls et al., 1997; Smith, 1978; Swartz, 1992; 
Sweeting & Baken, 1982; Whiteside & Irving, 1997; 1998), and thus a formula which used F- 
values and degrees of freedom to calculate omega squared was used (Young, 1993). Omega 
square was chosen as the effect size index because omega squared can be used to estimate 
sample size from power tables (Kirk, 1995). Individual factor effect sizes and corresponding 
factor sample sizes are presented in Table 1.  
 
 
 
 
Table 1. Calculated effect sizes (ω2) and estimated sample size (n) at α = 0.05 and 1-β = 
0.90 for the factors of vocal training (VT), gender, and phonatory task (PT). 
 

Factor  ω2 
n per 
group 

    

VT  0.325 9 

    
 /p/ 0.196 15 

Gender    
 /b/ 0.136 23 

    
PT  0.02 170 

    

VT x PT  0.02 170 
 
 
 
 
Separate sample sizes were calculated for the /p/ and /b/ data. It should be noted that adequate 
sample size was not reached for all the main effects or interactions effects of interest. Although 
this was a short-coming, it merely indicated that statistical testing at the given sample size (15 
per group) did not guarantee a power level of 0.90 for those factors requiring a larger sample. 
In other words, the statistical testing could still have reached a power level of 0.90 even without 
the estimated sample sizes; given a large enough effect size. Post-hoc power analyses for each 
variable and interaction were conducted to estimate the true statistical power of the mixed 
ANOVA for each variable at the present sample size.  
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Instrumentation 

 

 All recordings occurred in a double-walled sound-treated booth (IAC Model 4276) with 
the participant standing. Recording inside a sound treated booth was necessary to eliminate 
outside noise, which would make it difficult to interpret the acoustic measures. The voice signal 
recordings were captured via a stand-mounted cardioid microphone (Shure Model SM7) 
positioned approximately one meter in front of the participant at chest level. The microphone 
distance and position were selected to eliminate the possibility of recording airflow noise 
during the participant’s productions. Voice recordings were digitized via a CSL 4300B (Kay 
Elemetrics) at a sampling frequency of 44.1 KHz. The files were stored and acoustically 
analyzed using the CSL 4300B computer hardware/software system (Kay Elemetrics). 
Fundamental frequency and intensity were monitored using the CSL 4300B software. Finally, a 
light signal from a quartz metronome (Matrix MR-500) was used to pace the speaking and 
singing rates.  
 

Procedure 

 
The VOT values were calculated for bilabial American English stop consonants in 

word-initial position embedded in the phrases, “A peek at a peacock” and “A bee at a beehive.”  
The VOT of /p/ in “peek” and “peacock” for the first phrase or the /b/ in “bee” and “beehive” 
for the second phrase were measured for each production. Only bilabial stop consonants were 
chosen for examination because previous research designed to examine the effects of gender 
(Ryalls et al., 1997; Smith, 1978; Swartz, 1992; Whiteside & Irving, 1997; 1998), race (Ryalls 
et al., 1997), and vocal training (McCrea & Morris, 2004) on VOT were influenced by voicing, 
whereas place of articulation did not significantly influence variable effects on VOT. That is 
the effects of gender, race, and vocal training did not vary according to place of articulation. 
Furthermore, bilabial stops were chosen because the investigator had found that clear starting 
and stopping points for VOT measurement are more easily determined for bilabial stops than 
alveolar or velar stops.  

The participants were instructed to produce each phrase at a comfortable pitch and 
loudness. It was reported that VOT values increase as lung volume increases (Hoit, Solomon, 
& Hixon, 1993). Furthermore, it was reported that VOT values are influenced by fundamental 
frequency level (Löfqvist, Baer, McGarr, & Story, 1989). A comfortable pitch and loudness 
level were established to eliminate possible VOT effects. The female participant’s comfortable 
pitch was accepted if the average fundamental frequency fell within the normative range of 185 
– 250 Hz and the male’s comfortable pitch range was 110-175 Hz. These ranges were 
calculated from previous studies reporting average fundamental frequency data for normal, 
young male and female speakers (Awan, 1993; Brown, Morris, & Michel, 1989; Hollien & 
Jackson, 1973; Hollien & Shipp, 1972; Shipp & Hollien, 1969; Stoicheff, 1981), and data 
collected from a pilot study to verify the ranges during singing. An acceptable comfortable 
loudness level range was 40-85 dB, which was calculated from previous studies reporting 
average intensity data for normal, young speakers (Awan, 1993; Gelfer & Young, 1997; Morris 
& Brown, 1994), and pilot data collected to determine the loudness level during singing. The 
participants’ fundamental frequency and intensity were measured during the experimenter 
supervised trials via the CSL 4300B. If necessary, the participant was verbally cued to decrease 
or increase fundamental frequency and/or intensity to fall within the appropriate ranges. Each 
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participant performed at least one experimenter supervised trial production to ensure 
appropriate rate, fundamental frequency, and intensity. If a participant was unable to produce 
an accurate production after three supervised trials, the participant was to be excused from the 
study. None of the participants’ productions fell outside the pitch or intensity ranges, thus none 
of the participants were excused.  

Each participant was instructed to sing and speak each phrase at a 5/4 rhythm on a 
single note five consecutive times at an allegro rate of 160 beats per minute (2.67 
syllables/second), as set by the flashing light of a metronome. The first and last productions 
were excluded from analysis, leaving the middle three productions for analysis. Rate was 
controlled because it was reported that rate of speech has a significant effect on VOT, with 
slow rates associated with long VOT and fast rate associated with short VOT (Kessinger & 
Blumstein, 1997; 1998). Furthermore, a rate of 160 beats per minute was chosen because it 
represented a moderately fast rate of speech and was reported to be a common oral reading rate 
in healthy young adults (Crystal & House, 1988; 1990; Miller, Grosjean, & Lomanto, 1984; 
Ramig, 1983; Snidecor, 1943; 1951; Walker, 1988).  

It was important to note that limiting the rate, fundamental frequency, and intensity of 
production during the singing task may have reduced the likelihood of measuring a true singing 
sample. However, it was deemed necessary to control for these factors given their influences on 
VOT measurement. In an effort to capture a more realistic singing sample, the participants were 
instructed to imagine that they were performing in a large auditorium throughout the 
experiment. The cue was given to stimulate a singing sample that represented how the 
participant would sound during a performance.  The influence of imagery and performance 
environment on temporal-acoustic measures was reported by Rothman et al. (2002). Despite the 
nonsingers’ lack of significantly different duration measures across performance environment, 
results indicated that cueing participants to visualize performing in front of a crowd influenced 
temporal-acoustic measurement, and may provide researchers with more realistic values.  

The order of phrase production and phonatory task was countered balanced within the 
groups of participants. For example, within each group (male trained singers, male nonsingers, 
female trained singers, and female nonsingers) half of the participants first sang then spoke the 
phrases, whereas the other half first spoke, and then sang the phrases. Counter balancing was 
accomplished by having the odd numbered participants for a particular group begin singing and 
then speaking, whereas the even numbered participants began speaking and then singing. This 
form of counter balancing also was utilized for order of phrase presentation. Figure 1 provides 
a schematic of the proposed counter balancing procedure. Counter balancing of phonatory task 
and phrase was utilized to reduce any possible learning or adaptation effects that may have 
occurred if a fixed order of phrase production was used (Kirk, 1995). A total of 1440 tokens 
(60 participants x 2 phrases x 2 phonemes per phrase x 3 repetitions x 2 phonatory tasks) were 
recorded for analysis. 
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Male trained singers   Male nonsingers 
    

Phonatory task:   Phonatory task: 
    

1: S/SP 2: SP/S 3: S/SP 4: SP/S….   1: SP/S 2: S/SP 3: SP/S 4: S/SP….. 
    

Order of phrase production:   Order of phrase production: 
    

1:/p/, /b/ 2: /b/, /p/ 3: /p/, /b/ 4: /b/, /p/   1:/b/, /p/ 2: /p/, /b/ 3: /b/, /p/ 4: /p/, /b/ 
    

Female trained singers   Female nonsingers 
    

Phonatory task:   Phonatory task: 
    

1: SP/S 2: S/SP 3: SP/S 4: S/SP…..   1: S/SP 2: SP/S 3: S/SP 4: SP/S…. 
    

Order of phrase production:   Order of phrase production: 
    

1:/b/, /p/ 2: /p/, /b/ 3: /b/, /p/ 4: /p/, /b/   1:/p/, /b/ 2: /b/, /p/ 3: /p/, /b/ 4: /b/, /p/ 
Figure 1. Schematic view of the phonatory task and order of phrases counter balancing 
procedure selected for the study. Speaking task is represented by “SP,” whereas the singing 
task is represented by “S.” Phrase 1 is represented by /p/, whereas Phrase 2 is represented by 
/b/. 

 

 

 

  

Data Analysis 

  
In accordance with previous VOT related studies, VOT was measured by visually 

inspecting the acoustic signal as both an oscillographic trace and sound spectrograph via the 
CSL 4300B software (Brown, Morris, & Weiss, 1993; Smith, Hillenbrand, & Ingrisano, 1986). 
Utilizing both the oscillographic and sound spectrogram displays of each phrase, VOT was 
measured by placing a time marker at the onset of the noise burst of each stop (labeled A on 
Figure 2), and another marker at the onset of steady-state vocal fold vibration (labeled B on 
Figure 2). Steady-state vocal fold vibration was determined using the combined appearance of 
the first vertical striation in the second formant on the sound spectrogram and the first 
downward peak of the complex vowel waveform on the oscillographic trace (Brown et al., 
1993; Smith et al., 1986). The oscillograph and spectrogram display were displayed in terms of 
time, denoted in msec along the horizontal axis. This allowed for direct measurement of the 
time between the two markers, and thus VOT (see Figure 2).  
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Figure 2.  Oscillograph (top) and spectrogram (bottom) display of /pi/. The two vertical 
lines across both displays represents the time between the noise burst of /p/ (A) and the 
beginning of steady-state vocal fold vibration for /i/ (B). 
 
 
 
 
In the event that a clear starting and/or ending point could not be established, that token was not 
included in the analysis to avoid possibly increasing or reducing the average VOT by 
estimating a starting or stopping point. Clear starting and stopping measurement points were 
observed for all the data, thus none of the data were excluded from analysis. All VOT measures 
were made by the lead investigator. 

When examining VOT for voiced stop consonants, it is important to realize that three 
VOT value ranges may be seen, including negative VOT, zero VOT, or positive VOT. 
Negative VOT scores represents vocal fold vibration prior to the release of the oral 
constriction. Zero VOT represents the initiation of vocal fold vibration simultaneous to the 
release of the oral constriction. Finally, positive VOT is associated with the onset of vocal fold 
vibration after the release of the oral constriction (Klatt, 1975; Lisker & Abramson, 1964). 

Only positive VOT values or zero were used for the analysis of voiced stops. This 
selection followed the rationale of Klatt (1975) who reasoned that because the presence of 
voicing prior to the release of the stop is not native to English, and the negative VOTs can be 
ignored. From a categorical perspective, the production of negative, zero, or short-lag positive 
VOTs are all allophonic in English. All three possibilities occur among speakers, even within 
individual speech, and are characteristic of voiced stops. The VOT differentiation between 
English voiced and voiceless stops is a matter of magnitude of the positive component, and 
therefore the magnitude of the negative component is not a differentiating feature. This VOT 
measurement approach was supported by the informal observations of the investigator, who 

A

A

B

B
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noted pre-voicing or voicing lead for the voiced stops in less than 2% of the data. The VOT for 
those productions was recorded as zero msec. 
 

Experimental Design 

 

Two separate 2 x 2 x 2 mixed analyses of variance (ANOVA) were utilized to compare 
the participants average VOT across the between-subject factors of vocal training (i.e., trained 
versus nonsingers) and gender, and the within-subject factor of phonatory task (i.e., singing 
versus speaking). Two separate ANOVAs were used because of the inherent differences 
between the voiced /b/ consonant and the voiceless /p/. A mixed ANOVA allowed the 
researcher to simultaneously test within- and between- subject effects, such as vocal training or 
gender, and any interactions that may occur. An alpha (α) level of 0.05 was set as the level of 
significance. Relative treatment effect sizes were indexed by partial Eta squared (η2). SPSS 
generated partial Eta squared as part of the ANOVA testing, and is the proportion of the effect 
plus error variance that is attributable to the effect. In general, partial Eta squared values 
describe the amount of variance accounted for in the sample (Cohen, 1988; Young, 1993). Any 
decisions regarding the size of effect for each variable or interaction were based on general size 
of effect guidelines suggested by Cohen (1988). Furthermore, relative power (1-β) for each 
variable was calculated in the SPSS statistical software package using the relative effect sizes, 
alpha level, and degrees of freedom for each variable.  

 
Reliability 

 
One-fifth of the 60 participants’ productions (20% of the data) were chosen at random 

and reanalyzed by the same investigator at least three weeks post-recording to determine 
intrarater reliability. A total of 288 tokens, evenly distributed over /p/ and /b/ (i.e., 144 tokens 
for /p/ and 144 tokens for /b/) and randomly selected across the male and female trained singers 
and nonsingers, were remeasured and compared to the original set of VOT measures by means 
of a Pearson product moment correlation (r). Interrater reliability was determined by having a 
research assistant, blind to the classification of the participants, measure VOT for 20% of the 
data that the lead investigator had previously measured, and compare the two sets of data by 
means of a Pearson product moment correlation (r). To ensure consistency of measurement, the 
research assistant participated in an hour long training session, in which the lead investigator 
showed the assistant how to measure VOT in the manner previously described and displayed in 
Figure 1. The lead investigator supervised the assistant during measurement until the assistant 
reported confidence in the ability to consistently identify the release of the burst and the 
beginning of voicing for all the phonemes without assistance.  

Examination of the Pearson product moment correlations for VOT indicated that both 
intrarater and interrater reliability were high. For example, the correlation between the lead 
investigator’s measures and the research assistant’s measures of the VOT data was r = 0.85. 
Furthermore, the correlation between the lead investigator’s original VOT measures and the 
follow-up measures completed three weeks later was r = 0.95.  
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CHAPTER 3 
 

RESULTS 
   

Trained Singer and Nonsinger Main Effect 

 

Examination of the mixed ANOVAs (α = 0.05) revealed no significant differences 
between the two groups of participants for the average VOT of /p/ (F (1, 56) = 0.11; p = 0.74; 
η2 = 0.002; 1-β = 0.06) (See Table 3) or /b/ (F (1, 56) = 0.21; p = 0.65; η2 = 0.004; 1-β = 0.07) 
(See Table 4). The trained singers displayed an overall average VOT for /p/ of 34.99 msec (SD 
= 14.89 msec), whereas the nonsingers overall average VOT for /p/ was 35.92 msec (SD = 
12.79 msec). For /b/, the trained singers displayed an average VOT of 6.02 msec (SD = 3.68 
msec), where the nonsingers average VOT was 5.64 msec (SD = 3.90 msec). As can be seen in 
Table 5, the trained singers displayed slightly longer average VOTs than the nonsingers for the 
/b/, but the nonsingers displayed a longer average VOT than the trained singers for the /p/; 
however, these differences were not significant. In addition, the effect sizes for vocal training 
on /p/ and /b/ were relatively small, indicating that the influence of vocal training on VOT was 
very small for both /p/ and /b/. Finally, the relative power of the mixed ANOVA to correctly 
identify differences in mean VOTs between trained singers and nonsingers also was low.  
 
 
 
 
Table 3. ANOVA summary table for /p/ data. 

Factor   df F p-value η2 1-β 

       

Vocal Training 1, 56 0.11 0.74 0.002 0.06 

(VC)       
       

Phonatory Task* 1,56 65.45 <.001 0.54 0.99 
(PT)       

       
Gender (G) 1,56 2.21 0.14 0.04 0.31 

       
VC x PT* 1,56 8.67 0.005 0.13 0.83 

       
VC x G  1,56 0.08 0.78 0.001 0.06 

       
PT x G*  1,56 5.17 0.03 0.09 0.61 

       

VC x PT x G 1,56 0.25 0.62 0.004 0.08 
* Significant effect at p≤ 0.05. 
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Table 4. ANOVA summary table for /b/ data. 

Factor   df F p-value η2 1-β 

       

Vocal Training 1, 56 0.21 0.65 0.004 0.07 
(VC)       

       
Phonatory Task* 1,56 4.13 0.05 0.07 0.52 

(PT)       
       

Gender (G) 1,56 0.03 0.87 <.001 0.05 
       

VC x PT  1,56 0.001 0.98 <.001 0.05 
       

VC x G  1,56 1.38 0.24 0.02 0.21 
       

PT x G  1,56 0.004 0.95 <.001 0.05 
       

VC x PT x G 1,56 3.49 0.07 0.06 0.45 
* Significant effect at p≤ 0.05. 
 
 
 
 
Table 5. Trained singer and nonsinger mean voice onset time  
(VOT) and standard deviation (SD) in milliseconds across voiced and  
voiceless bilabial stops. 

Vocal Training   Phoneme   Mean VOT (SD) 

       

   /p/  34.99 (14.89) 
Trained Singers (n = 30)     

   /b/  6.02 (3.68) 
       

   /p/  35.92 (12.79) 
Nonsingers (n = 30)      

      /b/   5.64 (3.90) 
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Speech and Singing Task Main Effect 

 
  In addition to examining trained singer and nonsinger differences, the VOT durations 
of the speech and singing tasks were examined using the mixed ANOVAs. Significant 
differences in mean VOT between speech and singing were observed for /p/ (F (1, 56) = 65.45; 
p < 0.001; η2 = 0.54; 1-β = 0.99) (See Table 3) and /b/ (F (1, 56) = 4.13; p = 0.05; η2 = 0.07; 1-
β = 0.52) (See Table 4). Examination of Table 6 revealed that the differences in mean VOT 
across phonatory task were most evident for /p/ productions.  
 
 
 
 
Table 6. Singing and speaking mean voice onset time (VOT) and  
standard deviation (SD) in milliseconds across voiced and voiceless  
bilabial stops. 

Phonatory Task   Phoneme   Mean VOT (SD) 

       

   /p/  29.54 (11.50)* 

Singing (n = 60)      

   /b/  5.31 (3.92)* 

       

   /p/  41.37 (13.51)* 

Speaking (n = 60)      

      /b/   6.34 (3.59)* 
* Significant difference in phonatory task at p≤ 0.05. 
 
 
 
 
For example, average VOT for /p/ during singing was 29.54 msec (SD = 11.50 msec), whereas 
the speaking mean VOT was 41.37 msec (SD = 13.51 msec). For /b/ the average VOT during 
singing was 5.31 msec (SD = 3.92 msec), and the average VOT during speech was 6.34 msec 
(SD = 3.59 msec). Furthermore, the effect size for phonatory task on /p/ was large, indicating 
that the influence of phonatory task on VOT for /p/ was large. The effect size for phonatory 
task on /b/ was medium, however, indicating that the influence of phonatory task on VOT was 
intermediate for /b/. The relative power of the mixed ANOVAs to identify differences in mean 
VOTs between trained singers and nonsingers was very high for /p/, but moderate for /b/. The 
relative powers of the mixed ANOVAs for /p/ and /b/ indicated that the mixed-ANOVA would 
be able to correctly identify mean VOT differences for /p/ almost all of the time, but would be 
able to correctly identify mean VOT differences for /b/ only half the time. 
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Gender Main Effect 

 

 Although a significant gender difference was observed during spoken /p/ production, an 
overall gender effect on VOT for /p/ was not seen (F (1, 56) = 2.21; p = 0.143; η2 = 0.04; β = 
0.31) (See Table 3). The male participant’s productions of /p/ resulted in an overall average 
VOT of 33.35 msec (SD = 11.29 msec), and the female average VOT was 37.56 msec (SD = 
15.79 msec) (Table 7). Although the female participants’ mean VOT was 4.21 msec longer 
than the average male VOT, the relatively high variability of their productions resulted in the 
difference not being significant. Furthermore, the effect for gender on VOT was small-medium 
(η2 = 0.04). The relative power of the mixed-ANOVA to correctly identify gender differences 
in mean VOT was weak (1-β = 0.31). Similar to the mean VOT for /p/, no significant gender 
differences for the mean VOT of /b/ were observed (F (1, 56) = 0.028; p = 0.87; η2 < 0.001; 1-β 
= 0.05) (See Table 4). 
 
 
 
 
Table 7. Male and female mean voice onset time (VOT) and  
standard deviation (SD) in milliseconds across voiced and voiceless  
bilabial stops. 

Gender     Phoneme   Mean VOT (SD) 

       

   /p/  33.35 (11.29) 

Male (n = 30)      
   /b/  5.90 (3.64) 

       
   /p/  37.56 (15.79) 

Female (n = 30)      

      /b/   5.76 (3.94) 
 
 
 
 

Speech and Singing Interactions 

 

 Further examination of the mixed ANOVAs revealed a number of significant 
interactions in the speech and singing tasks. However, these interactions were only evident 
during production of the voiceless stop /p/. No significant interactions between phonatory task, 
vocal training, and/or gender were observed in the VOTs for the /b/ productions. That is to say, 
the participants displayed significant interactions between factors only during voiceless stop 
production. Therefore, the following results dealing with interaction effects were concerned 
only with the voiceless, bilabial stop /p/.  

Phonatory task and vocal training. The first significant interaction that occurred during 
production of /p/ was between phonatory task and vocal training (F (1, 56) = 8.67; p = 0.005; η2 
= 0.13; 1-β = 0.83) (See Table 3). Examination of Figure 3 reveals that the trained singers 
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displayed a shorter VOT than the nonsingers during singing, but displayed a longer VOT 
during speaking. 
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Figure 3.  Comparison of the mean voice onset time (VOT) for /p/ in milliseconds (msec) 
as a function of phonatory task and vocal training. 
 
 
 
 
For example, during speech, the trained singers displayed a mean /p/ VOT of 43.05 msec (SD = 
13.79 msec), where the nonsingers displayed a mean /p/ VOT of 39.68 msec (SD = 13.24 
msec). During singing, the trained singers displayed a mean /p/ VOT of 26.92 msec (SD = 
11.24 msec), and the nonsingers displayed a mean /p/ VOT of 32.16 msec (SD = 11.33 msec). 
The difference in VOT would be imperceptible as both of these values are well within the 
normal VOT range for /p/. The interaction between vocal training and speaking and singing had 
a relatively large effect on VOT (η2 = 0.13), according to general effect size guidelines (Cohen, 
1988). The relative power of the mixed-ANOVA to correctly identify VOT differences 
associated with the interaction between phonatory task and vocal training was fairly high (1-β = 
0.83). 
 Phonatory task and gender. Examination of the mixed ANOVA for /p/ also revealed a 
significant interaction between phonatory task and gender (F (1, 56) = 5.17; p = 0.03; η2 = 
0.09; 1-β = 0.61) (See table 3). Both the size of effect and relative power for this interaction on 
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VOT were medium. The male and female participants displayed relatively similar average 
VOT during singing, but significantly different VOTs during speech (see Figure 4). For 
example, during singing, the males displayed an average VOT of 29.10 msec (SD = 9.64 msec), 
and the female participants displayed an average VOT of 29.99 msec (SD = 13.25 msec). 
However, during speech, the female participants displayed an average VOT of 45.14 msec (SD 
= 14.59 msec), where the males average VOT during speech was 37.60 msec (SD = 11.36 
msec).  
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Figure 4.  Comparison of the mean voice onset times (VOT) for /p/ in milliseconds (msec) 
as a function of phonatory task and gender. 
 
 
 
 

In review, examination of the mixed ANOVA for /p/ revealed significant interactions 
between phonatory task and vocal training, and phonatory task and gender. When examining 
phonatory task and vocal training, it was revealed that the trained singers displayed 
significantly longer VOTs during speech than the nonsingers, but shorter VOTs during singing. 
Furthermore, female participants displayed significantly longer VOTs than the male 
participants during speaking, but similar VOTs during singing. However, the effects sizes of 
these results were relatively small.  
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Post-hoc Measures for Speech and Singing Effects 

 
The significant difference between mean VOT for /p/ and /b/ across phonatory task 

raised new questions regarding how the participants produced each task. In an attempt to better 
understand the longer VOTs during speaking, as compared to singing, a series of post-hoc 
analyses were conducted to better examine the possible influences of rate, intensity, and 
frequency on the current data. For example, although the speaking rate should have been 
controlled by the pace set by the metronome, some variation may have occurred. Phrase length 
was measured to determine if the difference in mean VOT could be explained by the fact that 
the participants simply produced the speech task at a slower rate than the singing task. Research 
has shown that slower rates of speech have longer VOTs, and faster rates have shorter VOTs 
(Kessinger & Blumstein, 1997; 1998). Consonant-vowel (CV) syllable length for /pi/ and /bi/ 
were measured to determine if the mean VOT differences were related to variations in syllable 
duration.  

Intrarater and interrater reliability measures were conducted for post-hoc measures of 
phrase length. Comparisons of interrater and intrarater measures were accomplished by 
conducting separate Pearson product moment correlations for each measure. Reliability was 
high for phrase length measurement with interrater reliability being r = 0.95 and intrarater 
reliability being r = 0.95.  

Furthermore, reliability for post-hoc measures of syllable length was conducted using a 
Pearson product moment correlation (r). The reliability for the syllable length measures was 
also high with interrater reliability at r = 0.91 and intrarater reliability at r = 0.95. 
 Phrase length. Average phrase length for, “A peak at a peacock.” and “A bee at a 
beehive.” during speaking and singing was compared using separate one-way ANOVAs. For 
the /p/ phrase, a significant difference between the average phrase length during singing and 
speaking was observed (F (1, 118) = 18.89; p < 0.001; η2 = 0.14; 1-β = 0.99). The average 
length of the /p/ phrase during singing was 1.10 seconds (sec) (SD = 0.13 sec); whereas the 
average length of the /p/ phrase during speaking was 1.00 sec (SD = 0.11sec). This represented 
a 10% increase in phrase duration. The effect of phonatory task on phrase length was relatively 
large (η2 = 0.14). Furthermore, the relative power of the ANOVA to correctly identify 
differences in mean phrase length between speaking and singing was very high (1-β = 0.99).  

For the /b/ phrase, a significant difference between average phrase length during singing 
and speaking also was observed (F (1, 118) = 17.95; p < 0.001; η2 = 0.13; 1-β = 0.99). The 
participants reduced their rate during singing. The mean length of the /b/ phrase during singing 
was 1.13 sec (SD = 0.15 sec), and the mean phrase length during speaking was 1.02 sec (SD = 
0.14 sec). The effect of phonatory task on the length of the /b/ phrase was large (η2 = 0.13), and 
the relative power of the ANOVA to correctly identify differences in mean phrase length 
between speaking and singing was very high (1-β = 0.99). 
 Syllable length. Mean CV syllable length for the /p/ and /b/ phrases during speaking and 
singing was also compared using separate one-way ANOVAs. For the /p/ phrase, a significant 
difference in mean syllable length between singing and speaking was observed (F (1, 118) = 
16.08; p < 0.001; η2 = 0.12; 1-β = 0.98). The average CV syllable length for /pi/ during singing 
was 147.06 msec (SD = 30.65 msec), and during speech the average syllable length was 127.03 
msec (SD = 23.61 msec). It should be noted that the size of effect for phonatory task on syllable 
length for the /p/ phrase was medium-large (η2 = 0.12), and the relative power of the ANOVA 
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to correctly identify differences in mean syllable length between speaking and singing was very 
high (1-β = 0.98).  

For the /b/ phrase, a significant difference in CV syllable length between speech and 
singing was seen for /bi/ (F (1, 118) = 15.18; p < 0.001; η2 = 0.11; 1-β = 0.97). The mean 
syllable length for /bi/ during singing was 164.91 msec (SD = 35.83 msec), and average 
syllable length during speech was 141.62 msec (SD = 29.34 msec). Although the relative power 
of the ANOVA to correctly identify differences in mean syllable length between speaking and 
singing was very high (1-β = 0.97), the effect of phonatory task on syllable length for the /b/ 
phrase was medium (η2 = 0.11).  

In addition to post-hoc testing of phrase and syllable length, average phrase intensity 
and average phase fundamental frequency were examined. It was necessary to examine 
intensity and fundamental frequency during singing and speaking to determine if either of these 
factors influenced the observed significant difference in mean sung VOT and mean spoken 
VOT.  Singing is often perceived as different from speech because of the melodious intonations 
characterized by increases in intensity and fundamental frequency. Changes in intensity and 
fundamental frequency have been associated with a combination of respiratory and phonatory 
adjustments (Sundberg, 1987; Titze, 1994), which may have been reflected in VOT 
measurement. 

Reliability for the post-hoc measures of mean phrase intensity and mean phrase 
fundamental frequency was conducted. Pearson product moment correlations were conducted 
to examine the degree of similarity between mean phrase intensity measures across researchers 
and time. The interrater reliability was r = 0.99 and the intrarater reliability was r = 0.99.  

Likewise, interrater and intrarater reliability were high for mean phrase fundamental 
frequency measures. The correlation between the lead investigator’s measures and the research 
assistance’s measures was r = 0.94; whereas comparison of the lead investigator’s original 
measures and follow-up measures completed three weeks later revealed an r = 0.95. 

Mean phrase intensity. Mean phrase intensity for the /p/ and /b/ phrases during speaking 
and singing was compared using separate one-way ANOVAs. For the /p/ phrase, a significant 
difference between the average phrase intensity during singing and speaking was observed (F 

(1, 118) = 40.43; p < 0.001; η2 = 0.26; 1-β = 0.99). The average intensity of the /p/ phrase 
during singing was 53.80 decibels (dB) (SD = 4.48 dB); whereas during speaking the average 
intensity was 49.12 dB (SD = 3.54 dB). The effect size indicated that the effect of phonatory 
task on mean phrase intensity was large (η2 = 0.26). Finally, the relative power of the ANOVA 
to correctly identify differences in mean phrase intensity between speaking and singing was 
very high (1-β = 0.99).  

For the /b/ phrase, a significant difference between average phrase length during singing 
and speaking was also observed (F (1, 118) = 43.70; p < 0.001; η2 = 0.27; 1-β = 0.99). The 
mean intensity of the /b/ phrase during singing was 59.11 dB (SD = 4.69 dB), and during 
speaking was 54.13 dB (SD = 3.46 dB). Similar to the /p/ phrase, the effect of phonatory task 
on the length of the /b/ phrase was large (η2 = 0.27), and the relative power of the ANOVA to 
correctly identify differences in mean phrase intensity between speaking and singing was very 
high (1-β = 0.99). 

Mean phrase fundamental frequency. Mean phrase fundamental frequency for the /p/ 
and /b/ phrases during speaking and singing was also compared using separate one-way 
ANOVAs. For the /p/ phrase, a significant difference in mean phrase fundamental frequency 
between singing and speaking was observed (F (1, 118) = 5.20; p = 0.02; η2 = 0.04; 1-β = 
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0.62). The average fundamental frequency for the /p/ phrase during singing was 212.87 Hz (SD 
= 42.26 Hz), and during speech was 194.18 Hz (SD = 47.43 Hz). Perceptually, the difference in 
average fundamental frequency between the participants’ sung and spoken productions was the 
equivalent of increasing one semitone. In addition, the effect size for mean phrase fundamental 
frequency for the /p/ phrase was relatively small, indicating that the influence of fundamental 
frequency on VOT was very small. The relative power of the ANOVA to correctly identify 
differences in mean phrase fundamental frequency between speaking and singing was 
moderate. 

For the /b/ phrase, a significant difference in phrase mean fundamental frequency 
between speech and singing was seen (F (1, 118) = 9.17; p = 0.003; η2 = 0.07; 1-β = 0.85). The 
mean fundamental frequency for the /b/ phrase during singing was 204.25 Hz (SD = 38.05 Hz), 
and during speech was 180.69 Hz (SD = 46.72 Hz). Perceptually, the difference in fundamental 
frequency between the participants’ sung and spoken productions was approximately two 
semitones. The degree to which phonatory task influenced mean fundamental frequency for the 
/b/ phrase was medium (η2 = 0.07), whereas the relative power the ANOVA to correctly 
identify a difference in mean phrase fundamental frequency between speaking and singing was 
moderately high (1-β = 0.85). 

In summary, post-hoc testing for the effect of speech and singing on phrase and syllable 
length revealed that the participants displayed significantly longer phrase and syllable durations 
during singing than speaking for both phrases. The mean intensity and fundamental frequency 
for both phrases was greater during singing than during speaking. Significant differences were 
seen across the post-hoc measures of phrase length, syllable length, mean phrase intensity, and 
mean phrase fundamental frequency. The effect sizes for the various post-hoc measures varied 
from small to large effects for phonatory task, with mean phrase intensity displaying the largest 
effect on VOT across singing and speaking.  
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CHAPTER 4 
  

DISCUSSION 
 

 The purposes of the present study were to examine the effects of vocal training, 
phonatory task, and gender on the VOTs of bilabial stops. The results of the present study 
indicated that mean VOTs for spoken productions of both /p/ and /b/ were significantly longer 
than the mean VOTs for the sung productions. Furthermore, significant interactions during /p/ 
production indicated that these phonatory task differences were greater for trained singers and 
for females. No significant interactions were noted for the /b/ productions, nor were any 
significant main effects observed for the factors of vocal training or gender, for either /p/ or /b/. 

 

Effects of Vocal Training 

 
The present results regarding the effect of vocal training on VOT partially agreed with 

previous results in which no temporal-acoustic differences occurred between trained singers 
and nonsingers during speech tasks. Although no significant main effect differences were seen 
in VOT between trained singers and nonsingers, a significant interaction between phonatory 
task and vocal training was observed for /p/ production that indicated the trained singers 
displayed slightly longer VOTs than nonsingers during speech, but shorter VOTs during 
singing. As discussed in the introduction of this study, Brown et al. (2000) found no significant 
difference between trained singers and nonsingers when they measured sentence length, word 
length, and consonant-to-vowel duration ratios from speech samples. The current results 
indicate that during speech trained singers and nonsingers display minimal differences for VOT 
during /p/ and /b/ production. However, the current results also indicate that the trained singers 
and nonsingers exhibited large differences in VOT for /p/ production during singing. Thus, 
during speech and /b/ production, vocal training might not significantly affect VOT, but during 
sung productions of /p/, vocal trained singers displayed significantly shorter VOT than 
nonsingers. 

Although the present results partially agree with the findings of Brown et al. (2000), 
they do not agree with the findings from a recent study by McCrea and Morris (2004). Unlike 
the present study, McCrea and Morris found significantly longer VOTs for trained singers, as 
compared to nonsingers. In that study of males, the trained singers used longer VOTs for a 
combination of the three voiceless stops, /p/, /t/, and /k/. It should be noted that McCrea and 
Morris considered all of the voiceless stops as a single variable. In contrast, the present study 
was concerned only with the English bilabial stops /p/ and /b/. Quite possibly, the longer VOTs 
that occur for the more posteriorly produced stops (Stevens, 1998) could have been the source 
for the differences found between the trained singers and nonsingers in McCrea and Morris 
(2004). Although this difference would not affect how the sound was perceived, it would be 
measurably different. In addition, McCrea and Morris included voicing as a within-subject 
variable in a single 2 x 2 x 2 mixed ANOVA. The current experimental design utilized separate 
ANOVAs for /p/ and /b/, and thus treated voicing as a separate factor. Eliminating voicing as a 
factor during analysis of the present data may have reduced its statistical influence on the other 
factors, and provided a more conservative analysis of the data. These differences in 
experimental design may explain the different results for the current study and McCrea and 
Morris (2004). 
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One possible explanation for the similar mean VOTs for the trained singers and 
nonsingers was the nonsingers’ amount of innate or natural singing talent. Over the last 70 
years there have been debates regarding to the role of natural talent in the success of a singer 
(Bartholomew, 1934; Hollien, 1993). Some singers would state that they were just born with 
the ability to sing well, and that vocal training did little to improve their ability. Whereas other 
singers would state that they owe all their success to good vocal training and dedicated practice. 
Some researchers and vocal instructors contend that it is a combination of both natural talent 
and proper training (Bartholomew, 1934; Hollien, 1993). It was recently reported that vocally 
untrained individuals may have ‘natural singing talent,’ as demonstrated through pitch 
matching accuracy (Watts, Murphy, & Barnes-Burroughs, 2003). Watts et al. reported that the 
vocally talented untrained singers were able to match pitch with same or better accuracy than 
the trained singers under different auditory feedback situations. Although pitch matching skill 
is not the only quality associated with talented singing, the ability of an individual to accurately 
identify and match pitch has been shown to separate trained singers from nonsingers (Leonard, 
Ringel, Horri, & Daniloff, 1988; Murry; 1990; Murry & Caligiuri, 1989).  

With regards to the current study, it was possible that some of the nonsingers possessed 
natural vocal ability, and utilized similar articulatory and phonatory movements as those used 
by trained singers. Although the inclusion criteria for the nonsingers used in this study was 
relatively strict and excluded anyone who had received any vocal instruction or practice from 
high school to present, it was possible that some of the nonsingers possessed some natural 
singing talent, and produced /p/ and /b/ in a manner similar to that of the trained singers. Thus, 
the talented nonsingers’ VOTs resembled the trained singers’ VOTs. Future research should 
examine the articulatory timing in trained singers, talented untrained singers, and untalented 
untrained singers.  

The results of this study indicated that trained singers and nonsingers display similar 
speech timing patterns. Even though, VOT differences between trained singers and nonsingers 
were not apparent, the search should continue for a reliable acoustic correlate for the previously 
described perceptual (Rothman et al., 2001) and physiologic (Brown et al., 2000; Brown et al., 
1978; Gauffin & Sundberg, 1989; McGlone, 1976; 1977; Ship & Izdebski, 1975; Sundberg & 
Rothenberg, 1986) differences between trained singers and nonsingers. Finally, future research 
attempting to acoustically separate trained singers from nonsingers should include some form 
of perceptual evaluation to correlate possible psychophysical interactions with the acoustic 
measures. 

Effects of Phonatory Task 

 

It was hypothesized that the participants would display longer VOTs during singing 
than speaking. The present results do not agree with the hypothesis. Although the current 
results indicated that speaking and singing tasks were associated with significantly different 
VOTs, it was the VOTs during speaking that were longer than the VOTs measured from 
singing.  

The results of this investigation contradict the results of an earlier study examining 
VOT durations during singing and speaking. McCrea and Morris (2004) reported no significant 
difference between the mean VOTs produced during speech and those produced during singing 
by male trained singers and nonsingers. One source of differences between the two studies was 
the instructions given to the participants. The participants in the present study were told to 
imagine that they were reading and singing the phrases in an auditorium filled with people, 
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despite producing the phrases in a sound-treated booth. The current participants were instructed 
to pretend singing in a full auditorium in an effort to elicit realistic singing samples. The 
participants in the previous study received no such instruction, although the phrases used in this 
study were a subset of phrases used in McCrea and Morris (2004).  

The instructions in the present study represented an effort to make the sung phonatory 
tasks approximate a singing performance. Rothman et al. (2002) examined the effects of 
environment and imagery on duration measures during standard passage reading. Their findings 
indicated that cueing participants to visualize performing in front of a crowd influenced 
temporal-acoustic measurement, and appeared to provide realistic simulations of vocal 
performance. The present results supported Rothman et al.’s (2002) findings that indicated that 
not only vocal environment, but also the use of mental imagery can affect temporal-acoustic 
measures. Future research of singing utilizing acoustic measures should incorporate mental 
imagery and/or appropriate recording settings in order to solicit naturalistic speech or singing 
productions that approximate performance behaviors. 

When considering possible explanations for the present results, one might suspect that 
the participants may have simply spoken at a slower rate than they sang. Although the speaking 
and singing rates should have been controlled by the pace of the metronome, some variation 
occurred. However, post-hoc measurements of phrase length during speech and singing 
revealed that phrase length was approximately 100 msec longer during singing than during 
speaking for both the voiceless and voiced stop phrases. Post-hoc measurements of syllable 
length during speech and singing revealed that syllable length was approximately 20 msec 
longer during singing than speaking for both /p/ and /b/ phrases. The participants’ longer phrase 
and syllable lengths during singing indicated that their rate of production was slightly slower 
during singing than speaking. Kessinger and Blumstein (1997; 1998) reported that VOT varied 
directly with speaking rate. If rate of production was the primary factor influencing the present 
VOT results, then VOT during singing should have been longer than VOT during speaking. On 
the contrary, mean VOT for both /p/ and /b/ was longer during speaking than singing. Thus, it 
seemed that rate of production was not an influential factor for explaining the current results.  

It is possible that the current results indicated that the participants utilized a different 
motor planning program for the sung productions than the spoken productions. Similar to 
evidence that velopharyngeal port movement differs between speech and swallowing (Peterson, 
1973); articulatory and/or phonatory movement also may differ across speech and singing. 
Further research is needed to explore this possibility.  

Both speech intensity and fundamental frequency have been shown to affect VOT. 
These may have differed between the spoken and sung phrases and caused VOT differences. 
However, post-hoc testing revealed that the participants produced the spoken phrases with an 
average intensity of 49.12 dB for /p/ and 54.13 dB for /b/, and at an average fundamental 
frequency of 194.18 Hz for /p/ and 180.69 Hz for /b/. In comparison, the average intensities 
during singing were 53.80 dB for /p/ and 59.11 dB for /b/, and the average fundamental 
frequencies were 212.87 Hz for /p/ and 204.25 Hz for /b/. Titze (1989; 1994) reported that 
intensity and frequency change can be related to each other; and that frequency will often 
increase as intensity increases due to increased vocal fold cover tension. Furthermore, Löfqvist 
et al. (1989; 1992) hypothesized that increased vocal fold tension may be associated with 
longer VOT. However, the present results are not consistent with the relationship between 
vocal fold tension and VOT proposed by Löfqvist et al. (1989; 1992).  If increased vocal fold 
tension associated with loud and high frequency phonation was a primary factor influencing the 
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present VOT results, then the VOT during singing should have been longer than those during 
speaking. On the contrary, the mean VOTs for both /p/ and /b/ were longer during speaking 
than singing. Thus, the observed pattern of VOTs for speech and singing did not follow the 
hypothesized pattern. Most likely speech intensity and fundamental frequency had little effect 
on the VOTs produced by the participants in any of the groups in this study.  

A more probable explanation was that the participants simply placed more emphasis on 
the stops during speaking than during singing. Phonemes in a stressed word-initial position, as 
was the case in the present study, are associated with being prolonged during production (Kent 
& Read, 1992; Stevens, 1998). Furthermore, the prolongation of a sound is a main cue that 
identifies it as being stressed. The current results indicated that the participants produced their 
bilabial stops with normal stress during speech, but reduced the duration component during 
singing. During singing, the participants may have been anxious to ‘sing’ the vocalic portion of 
the words, and thus produced the stops with less duration. Following this logic, a decrease in 
syllable stress with a stop would be associated with a shortened noise burst, which could 
explain the shorter VOT during singing than speaking.  

Another potentially biasing factor may have been the manner in which the speaking and 
singing stimuli were modeled by the investigator. This model set how the participants spoke 
and sang. It was possible that the speaking model provided by the researcher may have placed 
greater emphasis on the production of /p/ and /b/ than the singing model. The researcher was 
aware of the purpose of the study, and therefore may have unconsciously spoken the phrases 
with extra stress on the word initial voiced and voiceless bilabial stops. It was further possible 
that the researcher did not use enough word initial stress during the sung productions. Future 
studies should be designed to control the manner in which the stimuli are presented to the 
participants. Further research incorporating perceptual and acoustic measures also is needed to 
determine if the participants produced the stops with more stress during speaking or during 
singing. 

 
Effects of Gender 

 
The results of the present study are in partial agreement with the results of previous 

studies reporting significantly longer VOTs for female speakers than males (Ryalls et al., 1997; 
Smith, 1978; Swartz, 1992; Whiteside & Irving, 1997; 1998). Although an overall significant 
main effect was not seen in the present study, a significant interaction during /p/ production 
was observed that indicated that the female participants displayed longer VOT than the males 
during speech. The interaction also indicated relatively similar /p/ VOTs between the male and 
female participants in this study during singing tasks. No significant gender effects or 
interactions were observed for /b/. The results indicated that gender effects of VOT may be 
evident for voiceless stop production, and not voiced stops. Whiteside and Irving (1998) also 
examined the effects of gender on VOT across voiced and voiceless stops and reported 
significant gender differences only for the voiceless stops. However, Ryalls et al. (1997) and 
Whiteside and Irving (1997) reported that females displayed longer VOT than males during 
voiced stop production. Further research is needed to clarify the role of voicing when 
examining the effect of gender on VOT. 

Comparing the present results to previous findings revealed that the speech context also 
may have had an influence on the results. For example, Whiteside & Irving (1997) examined 
all six English stop phonemes produced in word initial position and embedded in carrier 
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phrases. They reported significant gender differences in VOT for only /p/ and /d/. Whiteside 
and Irving (1998) later used the same words in isolation and reported significant VOT gender 
differences for /t/, /k/, and /g/. Perhaps the present results would have been different if the stops 
had been measured during isolated word production. However, the current results better match 
the conditions that occur during speech and singing. Nonetheless, further research is needed to 
determine if contextual environment should be considered when comparing VOT across 
genders. 

Furthermore, the decision to exclude voicing lead (i.e., the voicing prior to and 
throughout the burst release in voiced stops) from the current VOT measurement procedure 
may have also influenced the results. Although voicing lead is an important acoustic event for 
some languages, it was determined that for standard American English, voicing lead was not an 
important acoustic feature for differentiating voiced and voiceless stops (Klatt, 1975; Lisker & 
Abramson, 1964; 1967; Stevens, 1998). Whiteside and Irving (1998) reported separate VOT 
results, in which one set of data included voicing lead and the other set did not. Interestingly, 
without including voicing lead, significant gender differences were reported for the /t/, /k/, and 
/g/ phonemes; however, analysis of the data set that included voicing lead in the measurement 
revealed significant gender differences for /p/, /t/, and /k/. As reported earlier, inclusion of 
voicing lead may also explain why Smith (1978) was the only study found to report longer 
VOT for men than women. The measurement of VOT for the present study did not include 
measurement of voicing lead, the decision to consider voicing lead to have a VOT of zero 
milliseconds may have affected whether or not gender differences occurred.  

Another difference across studies was the variation in vowel environment. Ryalls et al. 
(1997) and Whiteside and Irving (1997; 1998) compared male and female VOTs for voiced and 
voiceless English stop consonants in word-initial position containing /i/, /a/, and /u/. Both 
studies averaged VOT across vowel environment and reported longer VOT for women than 
men, although results from Whiteside and Irving varied across the stops and Ryalls et al.’s 
results were consistent across the stops. Swartz (1992) examined VOT gender differences for /t/ 
and /d/ in word-initial position followed by /u/, and reported longer VOT for women than men 
across both alveolar stops. In contrast, Sweeting and Baken (1982) examined VOT for /p/ and 
/b/ in male and female productions of CVC words containing the high vowel /i/ and reported no 
significant gender differences in VOT. The present results, which examined male and female 
VOT during /p/ and /b/ word-initial production followed by /i/, also indicated no significant 
gender differences. The different results across studies could be attributed to the vowels 
following the stop consonants. Since stops in word-initial position display longer VOT before 
high vowels than before mid or low vowels (Klatt, 1975; Löfqvist et al., 1989; Smith, 1978), 
the use of different vowels across VOT studies, as well as the averaging of different VOTs 
across various vowels, may have contributed to the variation in gender-related VOT results.          

It could also be argued that the present findings were associated with the inclusion of 
trained singers and the use of spoken and sung stop productions. For example, the female 
participants’ VOT values included those from female trained singers and female nonsingers, as 
well as VOTs measured from singing and speaking. The current significant finding of an 
interaction between phonatory task and gender revealed that the male and female participants 
displayed similar mean VOTs during singing, but the females displayed significantly longer 
mean VOT during speaking than the males. None of the previous studies dealing with VOT 
gender differences reported inclusion of singing tasks or vocally trained individuals (Ryalls et 
al., 1997; Smith, 1978; Swartz, 1992; Whiteside & Irving, 1997; 1998). Since the singers had 
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training that would modify their articulation during singing, that training may have influenced 
their speech as well. These training effects may have reduced differences between the genders. 
However, post-hoc one-way ANOVA testing of the nonsinger speaking data revealed no 
significant VOT-related gender differences for /p/ (F = 2.51; p = 0.12) or /b/ (F = 0.01; p = 
0.92). The lack of main effect significant VOT gender differences, as well as the post-hoc 
examination of only the nonsingers’ spoken productions was supported by the results of 
Sweeting and Baken (1982) who also found no significant gender differences for mean VOT of 
/p/ and /b/ produced during sentence reading.  

When examining the collective results from previous and current studies, it appeared 
that previously seen gender differences in VOT may be more closely associated with contextual 
and stylistic aspects of speech, as well as measurement variation, than any gender based 
differences. Future research examining gender differences in VOT should consider the possible 
influences of vowel environment and contextual environment on VOT measurement. Future 
research should also incorporate physiologic measures, such as air flow or electroglottograph, 
to examine possible physiologic gender differences between male and female stop consonant 
production. Finally, the previously reported gender differences in VOT may represent sample 
differences that do not occur in the population. It may be that a study using at least 170 
participants for each gender, as indicated in the power analysis for this study (see Table 1), may 
indicate true population trends. 

 

Speech and Singing Interactions 

 
The results of the present study also revealed a number of significant interactions 

between speech and singing task VOT during production of the voiceless stop /p/. Thus, the 
following implications are related specifically to voiceless bilabial stop production. 

Phonatory task and vocal training. The first significant interaction occurred between 
phonatory task and vocal training. In this interaction the trained singers used longer VOTs for 
speaking, but shorter VOTs during singing, in comparison to the VOTs for the nonsingers. 
These results were not in agreement with two previously described studies designed to examine 
speech duration in trained singers and nonsingers (Brown et al., 2000; Rothman et al., 2001). 
Brown et al. reported no significant differences in spoken sentence, phrase, or word duration 
between trained singers and nonsingers. However, Brown et al. did not examine VOT. 
Rothman et al. (2001) examined closure duration, which according to its description is 
equivalent to VOT, for /t/ and reported significant differences between perceptually identified 
singers and perceptually unidentified singers. However, Rothman et al. reported that the closure 
durations of /t/ were significantly shorter for the perceptually identified singers than the 
unidentified singers.  

Whereas longer VOT for trained singers than nonsingers does not agree with research 
examining speech duration in the two groups, the results were in general agreement with the 
results of previous studies designed to examine articulatory and/or phonatory function in 
trained singers and nonsingers. Brown et al. (1978), and McGlone (1976; 1977) reported 
several articulatory differences between trained singers and nonsingers during singing, 
including greater jaw and tongue displacement and more stable lingual pressure for trained 
singers. Previous results have also indicated phonatory differences between trained singers and 
nonsingers during singing, including lower vertical laryngeal position for trained singers during 
high frequency production (Shipp & Izdebski, 1975), and decreased vocal fold tension during 
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loud, high frequency phonation for trained singers (Gauffin & Sundberg, 1989; Sundberg & 
Rothenberg, 1986).  

The present results indicated that the trained singers and nonsingers differ during sung 
productions of a phrase containing /p/ in word initial position. This interaction further indicates 
that the significant main effect of phonatory task on VOT is more apparent in trained singers as 
compared to nonsingers. As can be seen in Figure 3, the general trend for VOT to be longer 
during speech than singing was greater in the trained singers’ VOTs as compared to the 
nonsingers VOTs. The observed interaction between phonatory task and vocal training might 
be explained by examining some specific articulatory adjustments learned during vocal 
training. For example, trained singers learn to shape the vocal tract in a specific configuration 
in order to produce a perceptually distinctive tone. This distinctive tone is perceptually 
characterized as resonant or full sounding, and has been associated with an acoustical 
phenomenon known as the singing formant (Sundberg, 1971; 1973; 1977). Ultimately, the 
vocal tract manipulations result in an increase of space in the posterior oropharyngeal cavity, 
and/or an overall lengthening of the vocal tract. Although these vocal tract adjustments provide 
the singer with an increase of acoustic energy, which allow the singer to be heard over an 
orchestra, they may hinder articulatory accuracy. Vocal pedagogues and voice scientists have 
acknowledged that trained singers often sacrifice clear articulation in order to produce the 
singer’s formant at a uniform intensity (Miller, 1977; Titze, 1994; Vennard, 1967). The 
relatively short VOTs displayed by the trained singers during singing in the present study, may 
be a reflection of an articulatory consequence of producing the singer’s formant. For example, 
the trained singers may have quickly produced the initial /p/ to have time to open and lengthen 
the vocal tract to produce a perceptually resonant vowel.  

Furthermore, the early release of the stop-burst were most apparent during voiceless 
stop production because the relatively large VOT range for voiceless bilabial stops (i.e., 47 – 87 
msec; Auzou et al., 2000) provides a wider temporal window that allows timing differences that 
are perceptually similar. In contrast, the relatively short VOT range for voiced bilabial stops 
(i.e., 0-20 msec; Auzou et al., 2000) does not allow such differences. Trained singers could 
produce a perceptually accurate /p/ with VOT near the lower boundary of the VOT range, as 
was done by the participants in this study, and still have time to quickly adjust the vocal tract 
for singing. Although the phoneme would be perceived as a /p/, the relatively short VOT would 
be observable through acoustic measurement. However, the relatively narrow VOT range for 
bilabial voiced stops would make it more difficult to alter the VOT and still make a 
perceptually accurate production, thus differences were not observed in this study. In addition, 
voicing for /b/ may begin before or during noise-burst release, allowing the singer to adjust the 
vocal tract prior to burst release. The significant interaction of vocal training and phonatory 
task for /p/, and the lack of an interaction for /b/ supported the proposed explanations. 

Further research is needed to determine if this trend occurs across other English stop 
consonants. Previous research indicated that gender effects (Ryalls et al., 1997; Smith, 1978; 
Swartz, 1992; Whiteside & Irving, 1997; 1998) and speaking rate effects (Baum & Ryan, 1993; 
Kessinger & Blumstein, 1997; 1998; Miller, Green, & Reeves, 1986; Pind, 1995; 1996) vary 
across stop consonant place of articulation and voicing. For example, Whiteside and Irving 
(1997; 1998) reported VOT differences between male and female speakers only for voiceless 
stops. Furthermore, it was reported that the tendency for VOT to increase as speaking rate 
increases is prominent in English voiceless stops, whereas VOT values remain relatively stable 
as rate increases for voiced stops (Baum & Ryan, 1993; Kessinger & Blumstein, 1997; 1998). 
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Baum and Ryan (1993) also reported that the changes in VOT associated with rate are more 
noticeable for velar stops than for bilabial or alveolar stops. The present significant results for 
/p/ and lack of significant results for /b/ indicate that the effects of vocal training and phonatory 
task may also vary across voicing.  More research is needed across place of articulation and 
voicing to determine if the interaction between vocal training and singing occurs only during 
voiceless bilabial stop production or if it also occurs in voiced stops with longer VOT ranges 
than /b/, such as /d/ or /g/. Finally, further research is needed to test the relation between vocal 
tract configuration and articulatory accuracy proposed above. 

Phonatory task and gender. In addition to the phonatory task and vocal training 
interaction, a significant vocal training and gender interaction was observed for /p/. During the 
singing task, male and female participants displayed relatively similar mean VOTs; however, 
during speaking the female participants displayed a significantly longer mean /p/ VOT than the 
males. This interaction revealed that the significant main effect of longer VOT during speaking 
as compared to singing was most obvious in the female participants’ /p/ productions. 

The significant difference in VOT between men and women during the speaking task 
was supportive of previous reports. Ryalls et al. (1997), Swartz (1992), and Whiteside and 
Irving (1997; 1998) all reported that female speakers display longer VOT than male speakers 
across a variety of speech stimuli, including nonsense words, isolated words, and sentence 
reading. The data from the current results match most closely with the results of Whiteside and 
Irving (1997; 1998), who reported significant gender differences in VOT for /p/ production in 
carrier phrases, and found no gender differences for /b/.   

Previous researchers have suggested a number of anatomical and physiological 
differences that may explain the longer VOTs produced by women. These suggestions have 
included difference in vocal fold length and air flow rate (Ryalls et al., 1997; Smith, 1978; 
Swartz, 1992; Whiteside & Irving, 1997; 1998). Examination of previous male and female 
vocal fold function data provided some insight into better understanding the current VOT 
gender differences. However, physiologic and aerodynamic differences between men and 
women may provide a stronger basis for the observed gender differences. Several previous 
studies indicated gender differences in phonatory function (Biever & Bless, 1989; Koike & 
Hirano, 1973; Linville, 1992; Södersten, 1994; Södersten, Hertegård, & Hammarberg, 1995; 
Södersten & Lindestad, 1990).  

One possible explanation for the current gender differences between men and women 
during /p/ production may be the higher incidence of glottal gap in women than men. It was 
reported that young and middle-aged women display a posterior glottal gap or chink across a 
variety of phonatory conditions (Biever & Bless, 1989; Koike & Hirano, 1973; Linville, 1992; 
Södersten, 1994; Södersten et al., 1995; Södersten & Lindestad, 1990). In comparison, young 
men rarely display a posterior glottal gap, at least when phonating within the speaking pitch 
range (Södersten & Lindestad, 1990). Sulter, Schutte, and Miller (1996) suggested that men 
may have an anatomical advantage related to the smaller angle between the vocal folds in the 
resting position. Furthermore, Linville (1992) reported that the incidence of glottal gap among 
young women ranges from 70% to 95% of those who receive some form of laryngeal 
observation. Previous research has shown VOT to be an effective indicator of phonatory 
function in normal and hyperfunctional voices. Tyler and Watterson (1991) reported that 
increased VOT measures for the hyperfunctional voice patients reflected difficulties in vocal 
fold approximation associated with hyperfunctional voice disorders. The differences in glottal 
closure efficiency associated with glottal gap may also be reflected in VOT. If individuals with 
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vocal fold adduction difficulties, associated with vocal fold swelling, displayed longer VOTs 
than individuals with normally adducting vocal folds (Tyler & Watterson, 1991), then perhaps 
women exhibiting incomplete vocal fold adduction, associated with glottal gap, would also 
display longer VOT than men without glottal gaps. Future research examining the relation 
between vocal fold closure patterns and VOT is needed.  

In addition to the possibility of glottal gap, gender difference in air flow rate may also 
be associated with female and male VOT differences for /p/. Holmberg, Hillman, and Perkell 
(1988) examined glottal airflow and transglottal pressure in 25 male and 20 female speakers at 
soft, comfortable, and loud productions of /pæ/. It was reported that the male participants 
displayed a higher maximum flow declination rate (MFDR) than the female participants. 
Higher MFDR scores for males are indicative of greater closing velocity and more abrupt 
closure of the vocal folds than females (Gorham-Rowan, 2002; Holmberg et al., 1988; Titze, 
1994). This results in a signal that has greater high frequency energy. Furthermore, the 
relatively low MFDR scores for women have been associated with perceptual cues, such as 
breathiness, that help listeners distinguish male speech from female speech (Holmberg et al., 
1988).  

Possibly, the shorter VOTs for the male participants and longer VOTs for the female 
participants might have reflected the previously reported MFDR gender results. Because men 
display more rapid vocal fold closure and greater closing velocity than women, these rapid 
activities are likely to affect the preceding phoneme. Quite possibly, the relatively short VOTs 
for the men may be related to quicker completion of the noise burst for /p/ and a quick initiation 
of vocal fold vibration for the following vowel. Given that the vocal folds are abducted before 
and during the burst release of voiceless stops (Stevens, 1998), the males speakers tendency to 
quickly close the vocal folds, build subglottal pressure, and initiate phonation could have been 
reflected in the shorter VOT.  Future research is needed to examine the relation of MFDR and 
VOT. 

The explanations for the current results are primarily concerned with the speech task. 
The similar VOTs produced by the males and females during singing probably related to the act 
of singing because singing does not follow the timing rules of speech. Perhaps, the lack of VOT 
gender differences for /p/ during the sung productions reflected laryngeal adjustments by the 
women to reduce the glottal gap, resulting in phonation that was similar to the men’s. The 
opposite was also possible with the men making laryngeal adjustments that resulted in less 
glottal closure, and thus phonating more similar to the women. Further research is needed to 
examine the relationship between phonatory function and temporal acoustic measures. Future 
researchers should consider using aerodynamic measures, such as air flow and subglottal 
pressure, to help demonstrate the activities underlying the temporal-acoustic similarities and 
differences reported herein.  Future studies should also include perceptual measures to examine 
possible idiosyncratic, stylistic, or accent differences between male and female speakers.  
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CHAPTER 5 
 

 CONCLUSION 
 
 

 To summarize, the purposes of the present study were to examine the effects of vocal 
training, phonatory task, and gender on the temporal-acoustic measure of VOT for the bilabial 
stops. The results of the present study indicated that mean VOT for spoken productions of /p/ 
and /b/ were significantly longer than the mean VOT for sung productions. Furthermore, 
significant interactions between phonatory task and vocal training, and phonatory task and 
gender were seen for the VOTs of voiceless bilabial stops. No significant interactions were 
noted for the /b/ productions, nor were any significant main effects observed for the factors of 
vocal training or gender, for either /p/ or /b/. 
 These acoustic results indicated that VOT may be an effective measure for examining 
vocal tract adjustment differences between speech and singing. Furthermore, the results 
provided further support for the notion that all of the participants utilize different articulatory 
and/or phonatory movements during speech than during singing. In addition, the results 
indicated that previously reported gender effects on VOT may be related more to speech 
context and measurement variation than anatomical or physiologic gender differences.  

In conclusion, these results represent a foundation for future researchers interested in 
finding a correlation between physiologic vocal tract adjustments during speech and singing 
and temporal-acoustic measures. Future research utilizing a combination of physiologic, 
aerodynamic, acoustic, and perceptual measures should be conducted to more closely examine 
the effects of vocal tract adjustment on the temporal-acoustic signal, and the difference between 
the vocal tract adjustments of trained singers and nonsingers during speech and singing. 
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APPENDIX A 
Participant Demographics 
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Participants     Vocal  
by  Age  Training 

Group   (yrs.) Gender (yrs.) 

Trained singers    

1  34 M 10 

2  33 M 10 

3  35 M 7 

4  23 M 5 

5  30 M 15 

6  27 M 2 

7  25 M 12 

8  24 M 8 

9  21 M 0 

10  21 M 4 

11  24 M 8 

12  35 M 20 

13  30 M 17 

14  21 M 10.5 

15  24 M 12 

     

Mean   27.1  9.37 

SD   5.25   5.47 

Trained singers    

1  29 F 7 

2  23 F 7 
3  25 F 3 

4  28 F 4 
5  23 F 10 

6  22 F 5 
7  21 F 6 

8  33 F 15 
9  21 F 6 

10  28 F 10 
11  24 F 16 

12  22 F 6 
13  21 F 3 

14  21 F 7 

15  21 F 7 
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Mean   24.1  7.47 

SD   3.72   3.85 

Nonsingers     

1  21 M n/a 
2  21 M n/a 

3  22 M n/a 
4  24 M n/a 

5  23 M n/a 
6  21 M n/a 

7  22 M n/a 
8  22 M n/a 

9  21 M n/a 
10  22 M n/a 

11  21 M n/a 
12  21 M n/a 

13  21 M n/a 
14  21 M n/a 

15  23 M n/a 

     

Mean   22   

SD   0.93     

Nonsingers     

1  21 F n/a 

2  21 F n/a 
3  21 F n/a 

4  22 F n/a 
5  22 F n/a 

6  22 F n/a 
7  22 F n/a 

8  21 F n/a 
9  21 F n/a 

10  22 F n/a 
11  22 F n/a 

12  24 F n/a 
13  23 F n/a 

14  23 F n/a 

15  23 F n/a 

     

Mean   21.7   

SD   0.96     
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APPENDIX B 
Participant Questionnaire 
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Comparisons of Voice Onset Time during Speech and Singing Tasks for Trained Singers and 
Nonsingers Research Questionnaire 

 
Subject ID: _______________  Date: _____________ 
 
Height: _____ Weight: _____ Gender: _____ Age: _____ 
 

1. Do you smoke on a regular basis? _______ 
 
2. Have you ever smoked on a regular basis? _________ If yes, when was the last time? 

_______________ 
 

3. Is standard American English your first and dominant language? ________  
 

4. Have you ever been formally diagnosed by a speech-language pathologist with an 
articulation disorder, such as a lisp, dysfluency, or other speech impairment?  
_________ 

 
5. Have you ever been formally diagnosed by a physician with bronchitis, chronic 

obstructive pulmonary disease (COPD), asthma, pneumonia, traumatic brain injury, 
tumor, cerebral vascular accident, or some other illness that affects your vocal quality 
and/or ability to breath?_________  If yes, do you still have the condition? 
___________ 

 
6. Do you sing in a band, chorus, or give solo performances? _______ 

 
7. Do you actively study the art of singing? _________ 

 
8. Have you ever received any vocal training, including high school or church choral 

direction or private voice lessons with a voice teacher? ___________ If yes, please 
explain for how long (years, months, etc…) and the focus of your training (choral, solo, 
operatic, rock and roll, etc…). 
__________________________________________________________________ 
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APPENDIX C 
Human Subjects Approval Memorandum and Informed Consent Form 
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